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ABSTRACT 
 
The Utah Department of Transportation (UDOT) is interested in the application of 
rehabilitation techniques to strengthen their AASTHO prestressed bridge girders for 
shear. Utah’s bridges are exposed to deterioration from rain, snow, and the introduction 
of salt for ice removable. This requires innovative rehabilitation techniques to address the 
deteriorations of their highway bridges, especially the ends of bridge girders where water 
and salt are more common due to construction joints.  Carbon Fiber Reinforced Polymers 
(CFRP) are becoming more prevalent as a tool in highway bridge rehabilitation.  
 This research investigates the application of various CFRP systems that can be 
used as shear reinforcement for prestressed concrete girders. The experimental program 
involved full-scale destructive testing of six 40-year-old, AASHTO prestressed I-girders 
that were salvaged from the 45
th
 South/I-215 bridge in Salt Lake City, Utah.  The testing 
involved retrofitting five of the girders with various configurations of CFRP fabric. 
Based on the initial tests, the most effective configuration was then applied to another set 
of I-shaped concrete girders for verifications. After the experimental testing, two 
analytical models developed for predicting the additional shear contribution of the CFRP 
reinforcement were compared with the measured results from the experimental program. 
After testing and comparisons, a CFRP reinforcement configuration and theoretical 
model was selected as a reliable and effective method for application of external shear 
reinforcement of AASHTO prestressed I-shaped girders.  
(182 pages)
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CHAPTER 1 
INTRODUCTION 
 
1.1 Context 
The Utah Department of Transportation (UDOT) is interested in the application of 
rehabilitation techniques to strengthen their AASTHO prestressed bridge girders for 
shear. Utah’s bridges are exposed to deterioration from rain, snow, and the introduction 
of salt for ice removable. This requires innovative rehabilitation techniques to address the 
deteriorations of their highway bridges, especially the ends of bridge girders where water 
and salt are more common due to construction joints.  Carbon Fiber Reinforced Polymers 
(CFRP) are becoming more prevalent as a tool in highway bridge rehabilitation. The 
focus of this research is to investigate how CFRP fabrics can be used to strengthen 
AASTHO prestressed I-girders for shear. 
 This research investigates the application of various CFRP systems that can be 
used as shear reinforcement for prestressed concrete girders. The experimental program 
involved full-scale destructive testing of six, forty-year-old, AASHTO prestressed I-
girders that were salvaged from the 45
th
 South/I-215 bridge in Salt Lake City, Utah.  The 
testing involved retrofitting five of the girders with various configurations of CFRP 
fabric. Based on the initial tests, the most effective configuration was then applied to 
another set of I-shaped concrete girders for verifications. After the experimental testing, 
two analytical models developed for predicting the additional shear contribution of the 
CFRP reinforcement was compared with the measured results from the experimental 
program. After testing and comparisons, a CFRP reinforcement configuration and 
2 
 
theoretical model was selected as a reliable and effective method for application of 
external shear reinforcement of AASHTO prestressed I-shaped girders. 
 
1.2 CFRP Reinforcement Design 
 
The research program consisted of the testing of a total of five different CFRP 
configurations. The CFRP fabric selected for this research was the MBrace® CF 160 
system that was generously provided by The Chemical Company (BASF). This product 
was selected based on its simplicity in application and proven superior performance. A 
specific performance issue was acknowledged when using external CFRP fabrics for I-
shaped girders in comparison to typical rectangular cross sections used in previous 
research. When loaded in shear, a large normal force begins to develop in the CFRP 
fabric on the web to flange corner which would lead to a premature delamination 
resulting in a small increase in capacity. Therefore, four of the five CFRP configurations 
had anchorage systems integrated into them. 
Four of the five CFRP configurations included a U-wrap used as a stirrup 
anchored by one of two proposed anchorage systems. The remaining CFRP configuration 
did not include an anchorage system and was used as a baseline comparison to those with 
anchorage systems. The U-wraps were applied as either vertical or diagonal stirrups that 
were overlapped on the bottom of the girder. The anchorage system was applied as either 
a horizontal strip of CFRP fabric placed along the web and over the CFRP stirrups or a 
CFRP laminate that was imbedded into the girder by means of a cut at the web to flange 
intersection. 
3 
 
1.3 Theoretical Models of Shear Contribution of CFRP 
This research also presents a comparison of two analytical design procedures to 
calculate the contribution of the CFRP reinforcement for shear for AASHTO prestressed 
girders. The design, philosophy is a natural extension to current procedures used to 
calculate the nominal shear capacity of a girder:  
 Vn = Vc + Vs + Vf  
where Vc is the shear contribution from the concrete, Vs is the shear contribution from 
the embedded steel stirrups, and Vf is the shear contribution from the CFRP 
reinforcement.   
The first method evaluated in this research is found in ACI 440.2R-8 entitled 
Guide for the “Design and Construction of Externally Bonded FRP Systems for 
Strengthening Concrete Structures”. The second method to evaluate Vf was a 
methodology presented in a research paper entitled “FRP for Shear Strengthening of 
AASHTO Bridge Girders” by Hutchinson, Donald, and Rizkalla (1999). Each of these 
methodologies is used to calculate the additional contribution of the CFRP reinforcement 
to the nominal shear capacity of the girder. The focus of this research is to investigate the 
effectiveness of the two methods for predicting the shear contribution of the CFRP 
reinforcement.  
There are two predictive methods used to calculate Vc and Vs in this research. 
The first method is the current AASHTO LRFD Bridge Design Specifications 
(AASHTO, 2009).  This is the preferred method for most state DOTs and for the Federal 
Highway Administration when designing bridges.  The second predictive method is from 
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Chapter 11 of the American Concrete Institute’s (ACI) concrete building code ACI-318-
08 (ACI Committee 318 2008a). The intent of this research is not to focus on in-depth 
evaluation of the methods for predicting Vc and Vs but to provide a comparison of the 
measured and predicted results.  
 
1.4 Organization of Thesis 
 
The organization of the thesis is as follows: 
1. Chapter 2 presents a summary of past research done on the shear 
contribution of CFRP fabrics on concrete girders. 
2. Chapter 3 presents the full-scale experimental program for the AASHTO 
prestressed girders. This chapter outlines the various configurations of the 
CFRP systems. A comparison of results between girders is also presented. 
3. Chapter 4 describes the analytical models that were evaluated for 
predicting the shear contribution of the different CFRP reinforcement 
configurations. This chapter also presents the calculated results of the 
methodologies and a comparison with the measured results presented in 
Chapter 3. 
4. Chapter 5 provides a summary of the research findings and conclusions 
based on these results. Also provided are recommendations for application 
of the CFRP system to AASHTO prestressed I-shaped girders. 
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 Introduction 
 
 All over the United States those responsible for the maintenance of our highway 
bridges are looking for better methods to rehabilitate them.  The use of carbon fiber 
reinforced polymers (CFRP) for the rehabilitation of reinforced concrete members has 
been a rapidly growing rehabilitation option over the last few years.  CFRP has been 
found to be useful due to its high strength, light weight, corrosion resistance, non-metallic 
properties, and its ease in application. The purpose of this literature review is to 
summarize the application of CFRP in the case of shear reinforcement for in service 
highway bridge girders. 
 There has been a large amount of research and testing on the use of CFRP for 
flexural strengthening but little on its application for shear strengthening. A selection of 
papers on the subject of CFRP for shear reinforcement is summarized in the following 
sections.  These papers focus on the design and effectiveness of CFRP reinforcement for 
shear. Some of the important parameters that are needed for accurate design are the fiber 
thickness, fiber orientation, strip spacing, the fiber wrapping, and anchorage. In the 
papers, the authors present equations that can be used to calculate the additional shear 
capacity. Also provided are testing results that compare and verify the test and analytical 
results. 
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2.2 Carolin and Täljsten (2005) 
 
This paper presents testing and research on the use of Carbon Fiber Reinforced 
Polymers for shear strengthening of reinforced concrete members. The paper addresses 
parameters of CFRP such as fatigue, anchorage, and the strain field in shear spans. There 
are several methods in designing of reinforcement with CFRP. These CFRP 
reinforcement design varies with respect to the orientation of the fibers, strip orientation, 
and strip thickness. The aim of the study was to address the various methods and compare 
them to provide insight into their application. 
 To provide data for the experimental study of CFRP for shear reinforcement the 
authors tested 23 rectangular beams. Each beam had a different configuration of the 
CFRP with respect to their angle of orientation, spacing, and fiber thickness. Each beam 
was loaded with a two point scheme to failure. Strains, stress, and shear strength were 
measured. Particular attention was paid to the failure mode of the reinforcement, whether 
it be anchorage or fiber rupture. 
 The study was able to provide insight into the use of CFRP in shear 
reinforcement.  The authors found that the orientation of the fibers was a critical 
parameter. To maximize their performance, they must be aligned perpendicular to the 
shear cracks. Another aspect that was found to be of importance was the anchorage of the 
CFRP. Full wrapping was ideal, but in the field it may not be plausible. The author 
recommended further study in the field of anchorage. Measurement of the strain at 
specific points was found to be insufficient due to non-uniformity. Therefore, the authors 
suggest using strain measuring methods that cover the beam as a whole. 
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2.3 Zhang and Hsu (2005) 
 
 In this paper the authors present four objectives for their research of CFRP as 
shear reinforcement for concrete beams. The first is to increase the test database of shear 
strengthening using externally bonded composites. The second, to investigate the shear 
behavior and modes of failure of RC beams with shear reinforcement deficiencies with 
CFRP laminates. Thirdly, to study the effect of various CFRP types and shear 
reinforcement configurations on the shear behavior of the beam; and finally, to propose 
design methodologies that are based on experiments and analytical results.  
 Experimental data was obtained by testing 11 beams in shear with four CFRP 
configurations. Vertical strips, strips at a 45-degree angle from the longitudinal axis, a 
longitudinal strip along the middle, and a CFRP fabric placed along the whole side walls 
of the beam. The reinforced beams test results were compared to the test results with a 
control beam. Two design equations were used for calculating the shear contribution of 
the CFRP reinforcement. The design approaches were based on the traditional truss 
analogy. 
 Comparison of the test results led to the conclusion that CFRP provides an 
increase in shear capacity. CFRP strips were found to be very effective compared to 
CFRP fabrics. The diagonal side strips with angles of 45 and 135 degrees were found to 
provide the greatest increase in shear strength.  The proposed design equations provided 
acceptable predictions for the reinforced beams shear strength.  
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2.4 Deniaud and Cheng  (2004) 
 In this article the authors present their findings on shear design methods for 
concrete beams strengthened with Fiber Reinforced Polymer sheets.  The two methods 
presented combine both the strip method and the shear friction approach.  The methods 
describe the interaction between the concrete, the stirrups, and the FRP sheets.  The 
equations were used and compared to 35 experimental test results. 
 The Strip Method is described in detail in the paper. An interface shear strength 
curve is needed for the use of the strip method and is explained in detail. One aspect of 
the method that was found was, as the width of the FRP sheets become smaller, the bond 
strength increases.  The Shear Friction Method is also explained in detail. The continuous 
and discrete equations were used to support of the proposed method. Examples were also 
provided to demonstrate the usefulness of the two methods. 
 Various conclusions were obtained concerning the two methods. The first was 
that the design formulations can conservatively predict the experimental results. In 
addition, the strip method can be used and adapted in various anchorage configurations. 
Finally, despite the simplicity of the method, it well describes the interaction between the 
concrete, the stirrups, and the FRP sheets. Overall, the paper presents viable information 
to the formulation of design equations for FRP reinforcement. 
 
2.5 Adhikary and Mutsuyoshi (2004) 
 
 The authors of this research tested and analyzed the effectiveness of using Carbon 
Fiber Sheets (CFS) as shear reinforcement of RC beams. CFS can be oriented in many 
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ways with respect to fiber orientation, CFS thickness, and sheet depth.  The authors 
address various methods of design in the experimental program to evaluate the 
contribution of CFS reinforcement.   
 Eight beams were used with different CFS reinforcement configurations. 
Different configurations were varied with respect to vertical and horizontal fiber 
reinforcement, U wrap or just side beam wraps only, thickness, and height of 
reinforcement on the side of the beam.  The beams were loaded and failed in shear as 
expected. During the test strains, vertical deflection, and applied load was monitored and 
recorded. There were two prediction models evaluated that were developed to calculate 
the contribution of the CFS in shear. 
 The CFS was found to provide up to 109% increase in the shear capacity for the 
RC beams.  This was based on the results of the configuration consisting of vertical U-
wrapped beams.  The researchers compared the two equations to the test data and found 
that both provided satisfactory results in predicting the added shear strength from the 
CFS.  In conclusion, the authors provided sufficient analysis of the equations and test 
data to provide a confirmation on the usefulness of CFS in shear reinforcement.  
 
2.6 Diagana, Gedalia, and Dlemas (2002) 
 
 In this research the authors studied the shear behavior of RC beams reinforced 
with CFRP.  CFRP have been shown to be an effective option for the retrofitting of 
concrete beams for flexure and shear. The paper focuses on the reinforcement of shear 
because it is important to insure flexural failure of beams instead of shear.  A total of ten 
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beams were tested in this research. Two were used as control specimens, while the other 
eight were reinforced with CFRP’s in various configurations. An equation was also used 
to calculate the increased shear strength of beams retrofitted with CFRP. 
 The two control beams were constructed with longitudinal steel for flexure and 
with steel stirrups for shear. An important part of this study was that the beams are 
already provided with steel stirrups, which is typically of in-service beam conditions. 
Four beams were given U-shaped CFF strips at 90- and 45-degree orientations at 
different spacing. The other four were given full-wrap CFF strips at 90- and 45-degree 
orientations at different spacing’s. The beams were then loaded with a single point load 
to failure. An equation used in many design codes was used to calculate the increase 
shear capacity and was then compared with the test results. 
 Each configuration was found to have its pros and cons. However, all 
configurations were found to increase the shear capacity.  Vertical full-wraps were found 
to produce the largest increase in shear strength but in field operations full-wraps are not 
always plausible.  Diagonal U strips were found to provide the next highest increase in 
shear strength, which is a more plausible method in the field.  An important aspect of 
failure of U strips is that they fail due to debonding which is addressed in the predictive 
equation.  The equation used in design was found to provide accuracy up to 14% for most 
of the beams. The authors concluded that the equation is acceptable for CFRP design. 
 
2.7 Hutchinson, Donald, and Rizkalla (1999) 
This research paper presents the results of scale-model testing of AASHTO 
girders that had been strengthened in shear by applying external carbon fiber reinforced 
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polymer (CFRP).  The authors tested ten different configurations of CFRP wraps. The 
AASHTO I-girders present special needs when anchoring the CFRP wraps to the web to 
flange connection, which the authors addressed in the paper. 
 The experimental program consisted of seven scale-model pretensioned concrete 
girders. The girders were divided into two types consisting of two different internal 
stirrup configurations that are typically found in practice. The CFRP wraps 
configurations consisted of vertical wraps, diagonal wraps, and full wraps. The CFRP 
wraps were anchored by either clamping or a horizontal strip along the web. The beams 
were then loaded to their ultimate shear capacity. The capacity of the CFRP was then 
analytically calculated and compared to the actual found capacity. 
 The authors found that externally bonded CFRP wraps increased the shear 
capacity. The configurations that yielded the highest capacities were the diagonal and 
horizontal wraps anchored by a horizontal strip. They yielded a 36% and 35% increase, 
respectively.  
2.8 Khalifa et al. (1998) 
 
The authors of this research paper present their findings on the contribution of 
externally bonded FRP to shear capacity of RC beams. They reviewed research on shear 
reinforcement and testing of RC beams. The aim of the paper was to use the previous 
research to propose simple design algorithms for computing the contribution of FRP to 
shear strength of RC members. 
The experimental results from 48 test specimens were used to validate the 
proposed design algorithms. The 48 specimens were collected from eight different 
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research studies previously published. Two different design approaches were used; one 
based on Effective FRP Stress, and one based on Bond Mechanism. The paper presents 
all aspects of the approaches that need to be defined for design. These aspects include 
fiber orientation, fiber thickness, spacing, bond lengths, etc.  Examples were provided for 
the use of each method. This provided the reader with a thorough explanation of each 
design approach. 
Each design approach was found to be consistent with the ACI 318 protocol and 
were able to be easily applied for FRP reinforcement on RC beams.  The first approach is 
based on effective FRP stress. This method was found to be valid for CFRP continuous 
sheets or strips with any orientation angle. The key aspect of that method is that the 
failure is controlled by sheet rupture. The second approach based on bond mechanism 
was also found to be valid for CFRP continuous sheets or strips. The key to this method 
is the effective width of the FRP sheet at delamination. This is because the method is 
controlled by the sheet delaminating. Both methods were found to conservatively 
underestimate the actual shear strength of the beams. The authors concluded that the 
design approaches can be used in calculating the contribution of CFRP’s as shear 
reinforcement of RC beams.  
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CHAPTER 3 
 
EXPERIMENTAL PROGRAM 
 
3.1 Introduction 
 
 The experimental program consisted of performing sixteen destructive shear tests 
on eight forty-year old highway bridge girders that were removed from service from the 
44
th
 South and I-215 Highway Bridge in Salt Lake City, Utah (see Figure 3.1 for Girder 
Removal). Two different types of AASHTO girders were evaluated in testing. Four of the 
tests were used as controls to verify the existing shear strength of the aged girders. The 
twelve remaining tests were performed on girders that had been retrofitted with various 
configurations of a Carbon Fiber Reinforced Polymer (CFRP) fabric system. The girders 
were then tested to failure and the data was analyzed to determine the increase in shear 
capacity of the CFRP system and then compared to design equations found in the ACI 
manual. 
 
Figure 3.1.  44
th
 South I-215 highway bridge removal of girders for testing.  
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3.2 Test Setup 
 
The test setup consisted of a simply supported beam loaded with a single point 
load (see Figure 3.2). Each test had a single point load placed at a distance of D (depth of 
beam) plus one foot from the center of the barring plate. The supports were located on the 
center of the barring plates on each end. Since each girder was tested twice (once on each 
end), to provide for comparative results, the second test of each girder required 
shortening of the span to ensure the support was out of the previously failed end. The 
testing was performed at USU’s Systems Materials and Structural Health (S.M.A.S.H) 
laboratory. The facility has a strong floor which allowed for full-scale testing of structural 
members with large loads. 
 
 
Figure 3.2.  Reaction frame and point loading of simply supported girder. 
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3.2.1 Reaction frame and supports 
A reaction frame was required for the testing to provide a reaction for the single 
point loading of the girders. A part of this research a reaction frame was designed and 
fabricated. The reaction frame was designed using the LRFD specification. The frame 
was required to withstand a point load of 1000 kips with a 1.6 live load factor acting 
anywhere along the beam. The frame had to have the flexibility of varying heights and 
had to be bolted and anchored to the strong floor.  The design led to choosing a W36 X 
395 I-section for the beam and two W14 X 283 I-sections for the columns. Beam and 
column plates were also design for the connections of the members (see Figures 3.2 and 
3.3). 
 
Figure 3.3.  3-D Drawing of reaction frame. 
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Figure 3.4.  Reaction supports. 
 
The supports for the simply supported beam were fabricated using steel I-beam 
sections stiffened along the webs. To allow for rotations that would occur during the test, 
two inch steel cylinders were welded to the top flange of the I-beam sections (see Figure 
3.4). 
3.2.2 Instrumentation 
Each test had three measurements made from instrumentation. Two hydraulic 
jacks, a 250 ton and a 600 ton, were used to apply the point load to the girders. To 
measure the applied force, a pressure gauge and load cell were used to provide accurate 
measurements (see Figure 3.5). With the measurement of the beam span (support to 
support) and the shear span (load to nearest support) the shear resistance was measured. 
An LVDT was used to measure the deflection for each test (see Figure 3.5). The location 
of the measured deflection was right next to the applied load. 
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Figure 3.5.  Hydraulic jack and LVDT. 
 
A total of ninety five electrical resistance strain gauges of various lengths were 
used to measure changes in the strains. To provide for comparative analysis of the control 
girder and the carbon fiber reinforced girders, locations for the strain gauges on the 
control girders were selected to match the locations on the carbon fiber reinforced 
girders. The configurations of the strain gauges for the control tests 1A and 1B are shown 
in Figures 3.6 and 3.7, respectively. Each test for the reinforced girders had similar 
configurations depending on the location of the CFRP reinforcement. A data acquisition 
system provided by Vishay was used to monitor and record the load, deflection, and 
strains during the testing of the girders. 
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Figure 3.6.  Strain gauge configurations for 1A. 
 
 
 
 
Figure 3.7.  Strain gauge configurations for 1B.  
 
3.3 Beam Description 
 
Two types of AASHTO Prestressed Concrete I-girders were tested for this 
project. The first set of girders consisted of six AASHTO Type II prestressed concrete 
girders. The lengths of the beams were 23 feet and 7 inches and weighed approximately 
15,000 lbs. The cross-sectional dimensions are found on Figure 3.8. The stirrups for the 
shear reinforcement were spaced at 23 inches on center. For detailed drawings and plans 
of the first set of AASHTO Type II girders, see Figure A.1 in Appendix A. The second 
set of prestressed girders were taken from the 10000 West and 1400 North Bridge in Salt 
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Lake City, UT. The cross-sectional dimensions were the same as the first set of six 
girders (see Figure 3.8). The stirrups for shear reinforcement were spaced at 12 inches on 
center. Each girder had a span length of 34.5 feet.  In all, fourteen 7/16-inch diameter 
strands were used to impose a prestressing force on these girders.  Two rows of four 
strands were placed 6 inches from the bottom of the girder.  In addition, three rows of 
two strands remained.  All strands were spaced at 2 inches on center. 
3.4 CFRP Design 
 
Over the years CFRP fabrics have been found to be useful in providing external 
reinforcement of structural members. While most of the research has focused on the 
testing of new members, little amounts of testing and research have been done on 
retrofitting aged, full-scale girders, with CFRP fabrics. The CFRP fabric system chosen 
Figure 3.8.  Cross-section of prestressed girders. 
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for this testing project was the MBrace® CF 160 system that was generously provided by 
The Chemical Company (BASF). This product was chosen because of its simplicity in 
application and proven superior performance.  
There were five different CFRP configurations tested for this research. Each 
configuration was tested twice by applying it on six 40-year-old AASHTO girders. After 
the testing of the first set of 6 girders (12 tests), the most efficient configuration was 
selected and then tested two more times on the second set of differently reinforced 
AASHTO girders to allow for further comparison. A specific issue had to be addressed 
when using external CFRP fabrics for I-shaped girders. When loaded in shear a large 
normal force begins to develop on the web to flange connection (see Figure 3.9). During 
loading this would cause the CFRP strips to delaminate prematurely resulting in a small 
increase in capacity. This delamination of the carbon fiber was one of the main criteria 
used in developing the CFRP application schemes. 
 
 
Figure 3.9.  Location of web to flange connection. 
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3.4.1 Configurations   
The first girder tested was used as the control. There was no external 
reinforcement put on either of the ends. Figure 3.10 is a drawing of the beams 
configuration while Figure 3.11 is an actual picture of one of the ends of the control 
girder before testing. 
 
Figure 3.10.  Girder 1: No external reinforcement.  
 
 
Figure 3.11.  Girder 1: No external reinforcement. 
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The second girder tested was the first one that was reinforced with CFRP.  Each 
side consisted of three vertical U-shaped strips that were 20 inches wide placed right next 
to each other (see Figures 3.12 and 3.13). The strips were anchored with an embedded 
CFRP laminate along the web to flange connection (see Figure A.2 in Appendix A for 
detail). This configuration was provided by engineers from The Chemical Company 
(BASF). It was selected because it addressed the anchorage of the CFRP to the web to 
flange connection.  
 
Figure 3.12.  Drawing of Girder 2 CFRP design.  
 
 
Figure 3.13.  Girder 2 CFRP design
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The third girder had CFRP strips oriented at a different angle. Each side consisted 
of six diagonal (45º) strips 10 inches wide spaced at 4.5 inches and two horizontal strips 
with a height of 15 inches and 70 inches in length applied over the diagonal strips along 
the web (see Figures 3.14 and 3.15). Since the diagonal strips could not be continuous, 
the strips were overlapped on the bottom flange to simulate continuity. This configuration 
was selected from previous research entitled “FRP for Shear Strengthening of AASHTO 
Bridge Girders” by Hutchinson, Donald, and Rizkalla (1999). The authors found this 
configuration to be one of the most effective in increasing shear capacity of AASHTO 
prestressed girders. 
 
Figure 3.14.  Drawing of Girder 3 CFRP design.  
 
 
Figure 3.15.  Girder 3 CFRP design.
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The fourth reinforced girder was similar to the third except that the web was not 
reinforced with a horizontal strip of CFRP. Specifically each side consisted of six 
diagonal (45º) strips 10 inches wide spaced at 4.5 inches (see Figures 3.16 and 3.17). 
Since the diagonal strips could not be continuous, the strips were overlapped on the 
bottom flange to simulate continuity. This configuration was selected for comparison 
with Girder 3 results. The configuration did not have an anchorage system which 
provided for comparative results with the anchored configurations. This allowed us to see 
how the horizontal anchorage system was performing and adding to the shear capacity.  
  
Figure 3.16.  Drawing of Girder 4 CFRP design.  
 
 
Figure 3.17.  Girder 4 CFRP design.
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The fifth girder was instrumented with individual vertical strips of CFRP as well 
as the horizontal middle strip. Each side consisted of four vertical U-shaped strips with a 
width of 10 inches spaced at 4.5 inches and two horizontal strips with a height of 15 
inches and 63 inches in length were applied over the vertical strips for anchorage along 
the web (see Figures 3.18 and 3.19). This configuration was selected from previous 
research entitled “FRP for Shear Strengthening of AASHTO Bridge Girders” by 
Hutchinson, Donald, and Rizkalla (1999).  The authors found this configuration to be one 
of the most effective in increasing shear capacity of AASHTO prestressed girders. 
 
Figure 3.18.  Drawing of Girder 5 CFRP design.  
 
 
Figure 3.19.  Girder 4 CFRP design.
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The last reinforced girder of the group of six had a combination of reinforcing 
schemes. Each reinforced side consisted of six diagonal (45º) strips 10 inches wide 
spaced at 4.5 inches (see Figures 3.20 and 3.21). The strips were anchored using an 
embedded CFRP laminate along the web to flange connection (see Figure A.2 in 
Appendix A for detail). Since the diagonal strips could not be continuous, the strips were 
overlapped on the bottom flange to simulate continuity. This configuration was selected 
to see how the embedded anchorage system would perform with diagonal strips. 
 
Figure 3.20.  Drawing of Girder 6 CFRP design.  
 
 
Figure 3.21.  Girder 6 CFRP design
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In addition to the previously mentioned six girders, two additional girders were 
tested. These last two girders had similar prestressing strand configurations but had 
smaller stirrup spacing. By testing these two girders it was believed that the CFRP 
reinforcement on other girders could be evaluated. Figures 3.22 and 3.23 show a drawing 
and picture of the seventh girder tested, the control girder from the second set of two 
girders. 
 
Figure 3.22.  Girder 7 with no external reinforcement.  
 
Figure 3.23.  Girder 7 with no external reinforcement. 
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The eighth girder tested was the same girder as Girder 7 but was reinforced with 
the same configuration as girder 5. Each side consisted of: Four vertical U-shaped strips 
with a width of 10 inches spaced at 4.5 inches and two horizontal strips with a height of 
15 inches and 63 inches length were applied over the vertical strips for anchorage along 
the web (see Figures 3.24 and 3.25). This configuration was selected because it yielded a 
high increase in shear capacity and its ease in application. 
 
Figure 3.24.  Drawing of Girder 8 CFRP design.  
 
Figure 3.25.  Girder 8 CFRP design.  
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3.4.2 CFRP application 
The Chemical Company (BASF) provided detail instruction on how to apply the 
CF 160 System to the prestressed concrete girders. The installation required preparing the 
concrete surface for the application of the MBrace® materials. The concrete preparation 
required crack repair, sand blasting to at least an ICRI CSP 3 profile, and removal of all 
dust, laitenance, and bond inhibiting compounds.  After the surface preparation was 
completed the MBrace materials were applied in the following order; the MBrace® 
Primer, the MBrace® Putty, the MBrace® Saturant, then the MBrace® CF 160 fabric 
(see Appendix A Figures A.3-A.11 for material detail). For testing, the MBrace® 
Topcoat was not applied for the last step because the topcoat is for a cosmetic appeal. In 
practice, the MBrace® Topcoat would be applied as the last step (for detailed instruction 
on the application see Figures A.12-A.17 in Appendix A). After application of all 
products the girders were given a seven day curing period. 
 
 
 
Figure 3.26.  Application of CFRP MBrace® system.  
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3.5 Testing Analysis 
 
 Each load test consisted of placing a hydraulic jack at a distance D (depth of the 
girder) plus one foot from the end support. The girder was then monotonically loaded 
until complete failure was achieved. Before each test the support and loading locations 
were measured and used to calculate the ultimate shear capacity. During each test the 
load, strain, and deflection (next to applied load) were monitored and recorded. Figure 
3.27 is typical graph of the different types of measured data. Graphs of the measured data 
can be found in Appendix B.  
3.5.1 Test 1A 
For this test, the hydraulic jack applied load a distance of 48 inches from the end 
support with a beam span of 268.25 inches. The beam failed in shear at an applied load of 
183 kips (see Figure 3.28 for failure crack orientation) with a typical shear crack roughly 
at 
 
 
 
Figure 3.27.  Typical graph of measured data. 
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a 45-degree angle, which yielded an ultimate shear force of 150.25 kips. The strain gauge 
configurations are found on Figure 3.6. The data recorded for load, strain, and deflection 
are found in Appendix B Figures B.1 to B.14.  
3.5.2 Test 1B 
For the other end of the beam, the hydraulic jack applied load a distance of 48 
inches from the end support with a beam span of 208.25 inches. This span length was 
shorter because the support was moved in on the failed end. The beam failed in shear at 
an applied load of 229.84 kips. The cracks were roughly 45-degrees from the load to 
support with multiple roughly vertical cracks under the applied load (see Figure 3.29 for 
failure crack orientation). The test yielded an ultimate shear force of 176.86 kips. The 
strain gauge configurations are found on Figure 3.7. The data recorded for load, strain, 
and deflection are found in Appendix B Figures B.15 to B.26. 
 
 
Figure 3.28.  Failure of Test 1A. 
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Figure 3.29.  Failure of Test 1B.  
3.5.3 Test 2A 
For this test, the hydraulic jack applied load at a distance of 48 inches from the 
end support with a beam span of 208 inches. The beam failed in shear at an applied load 
of 333.36 kips. The CFRP system failed due the CFRP laminate anchorage failing, which 
led to a large normal force at the flange to web connection. After the anchorage failure, 
the concrete surface attached to the CFRP fabrics was ripped off causing the 
reinforcement to fail (see Figure 3.31 for detail). Under the CFRP reinforcement there 
were multiple cracks that were roughly 45-degrees from the load to support (see Figure 
3.30 for failure crack orientation). The failure cracks were pushed closer to the support 
and towards the top of half of the girder. The test yielded an ultimate shear force of 
255.68 kips which is an increase of 92.12 kips or a 36.03% increase in shear capacity 
compared to the average control capacity of 163.56 kips. The data recorded for load, 
strain, and deflection are found in Appendix B figures B.27 to B.33. The strain gauge 
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orientation can be found on Figure 3.30 and compared to the strain gauges on control test 
1B. 
 
 
 
Figure 3.30.  Failure of Test 2A and strain gauge orientation. 
 
 
 
Figure 3.31.  Anchorage failure and concrete surface failure. 
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3.5.4 Test 2B 
For the second test on this beam, the hydraulic jack applied load a distance of 48 
inches from the end support with a beam span of 268 inches. The beam failed in shear at 
an applied load of 198.2 kips. The CFRP system failed due the CFRP laminate anchorage 
failing, which led to a large normal force at the flange to web connection. After the 
anchorage failure the concrete surface attached to the CFRP fabrics was ripped off 
causing the reinforcement to fail (see Figures 3.32 and 3.33 for detail). Under the CFRP 
reinforcement there were multiple cracks that were roughly 45-degrees from the load to 
support. The failure cracks were pushed farther from the support and towards the bottom 
half of the girder (see Figure 3.33 for failure crack orientation). The test yielded an 
ultimate shear force of 162.70 kips which is a decrease of 0.86 kips or a 0.53% decrease 
in shear capacity compared to the average control capacity of 163.56 kips. The two tests 
of this CFRP configuration yield large differences in increased shear capacity. The 
inconsistent results are assumed to be from the cuts made into the girder for the 
anchorage system. Further inconsistencies were found in tests 6A and 6B which had the 
same anchorage system. The data recorded for load, strain, and deflection are found in 
Appendix B Figures B.34 to B.40. The strain gauge orientation can be found on Figure 
3.32 and compared to the strain gauges on control test 1B. 
3.5.5 Test 3A 
For this beam, the hydraulic jack applied the load at a distance of 48 inches from 
the end support with a beam span of 210 inches. The beam failed in shear at an applied  
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Figure 3.32.  Anchorage failure and strain gauge orientation. 
 
 
 
Figure 3.33.  Failure of Test 2B.  
load of 255.4 kips. The CFRP system failed due to the horizontal strip of CFRP fabric 
ripping the top layer of concrete off, which led to a large normal force at the flange to 
web connection. After the anchorage failure the CFRP diagonal strips ripped off the top 
layer of concrete leading to delamination causing the reinforcement to fail (See Figures 
3.34 and 3.35 for detail). Under the CFRP reinforcement there were multiple cracks that 
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were roughly 45-degrees from the load to support. The failure cracks were similar to the 
controls crack orientation (see Figure 3.35 for failure crack orientation). The test yielded 
an ultimate shear force of 197.02 kips which is an increase of 33.46 kips or a 16.98% 
increase in shear capacity compared to the average control capacity of 163.56 kips. The 
data recorded for load, strain, and deflection are found in Appendix B Figures B.41 to 
B.49. The strain gauge orientation can be found on Figure 3.34 and compared to the 
strain gauges on control test 1A. 
 
 
 
Figure 3.34.  Anchorage failure and strain gauge orientation of Test 3A. 
 
 
 
Figure 3.35.  Failure of Test 3A.  
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3.5.6 Test 3B 
For the second test on this beam, the hydraulic jack applied the load at a distance 
of 48 inches from the end support with a beam span of 269 inches. The beam failed in 
shear at an applied load of 255 kips. The CFRP system failed due the horizontal strip of 
CFRP fabric ripping the top layer of concrete off, which led to a large normal force at the 
flange to web connection. After the anchorage failure the CFRP diagonal strips ripped off 
the top layer of concrete leading to delamination causing the reinforcement to fail (see 
Figures 3.36 and 3.37 for detail). Under the CFRP reinforcement, there were multiple 
cracks that were roughly 45-degrees from the load to support. The failure cracks were 
similar to test 3A’s crack orientation but were pushed up towards the top half of the 
girder (see Figure 3.37 for failure crack orientation). The test yielded an ultimate shear 
force of 209.5 kips which is an increase of 45.94 kips or a 21.93% increase in shear 
capacity compared to the average control capacity of 163.56 kips. The data was not 
recorded for load, strain, and deflection but the maximum applied load was recorded.  
 
  
 
Figure 3.36.  Anchorage failure and strain gauge orientation of Test 3B. 
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Figure 3.37.  Failure of Test 3B.  
3.5.7 Test 4A 
For this girder, the hydraulic jack applied the load at a distance of 48 inches from 
the end support with a beam span of 215.5 inches. The beam failed in shear at an applied 
load of 231.08 kips. The CFRP system failed due to the large normal force generated at 
the web to flange connection. Since there was no anchorage system the CFRP fabric 
began to prematurely delaminate. There were still small amounts of the CFRP fabric 
ripping the concrete off the girder instead of delamination but the failure was primarily 
delamination (see Figures 3.38 and 3.39 for detail). Under the CFRP reinforcement there 
were multiple cracks that were roughly 45-degrees from the load to support. The failure 
cracks were similar to the controls crack orientation (see Figure 3.39 for failure crack 
orientation). The test yielded an ultimate shear force of 179.61 kips which is an increase 
of 16.05 kips or a 8.94% increase in shear capacity compared the average control 
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capacity of 163.56 kips. The data recorded for load, strain, and deflection are found in 
Appendix B Figures B.50 to B.58. The strain gauge orientation can be found on Figure 
3.38 and compared to the strain gauges on control Test 1A. 
 
 
 
Figure 3.38.  CFRP delamination and strain gauge orientation of test 4A. 
 
  
Figure 3.39.  Failure of Test 4A.  
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3.5.8 Test 4B 
For the second test of this girder, the hydraulic jack applied a load at a distance of 
48 inches from the end support with a beam span of 268.5 inches. The beam failed in 
shear at an applied load of 212.85 kips. The CFRP system failed due to the large normal 
force generated at the web to flange connection. Since there was no anchorage system the 
CFRP fabric began to prematurely delaminate. There were still small amounts of the 
CFRP fabric ripping the concrete off the girder instead of delamination but the failure 
was primarily delamination (see Figures 3.40 and 3.41 for detail). Under the CFRP 
reinforcement there were multiple cracks that were roughly 45-degrees from the load to 
support. The failure cracks were similar to test 4A’s cracks orientation (see Figure 3.41 
for the failure crack orientation). The test yielded an ultimate shear force of 174.8 kips 
which is an increase of 11.24 kips or a 6.43% increase in shear capacity compared to the 
average control capacity of 163.56 kips. The data recorded for load, strain, and deflection 
are found in Appendix B Figures B.59 to B.67. The strain gauge orientation can be found 
on Figure 3.40 and compared to the strain gauges on control Test 1A. 
 
 
 
Figure 3.40.  CFRP delamination and strain gauge orientation of Test 4B. 
41 
 
 
Figure 3.41.  Failure of Test 4B.  
3.5.9 Test 5A 
For the fifth girder, the hydraulic jack applied the load at a distance of 48 inches 
from the end support with a beam span of 180.5 inches. The beam failed in shear at an 
applied load of 306.6 kips. The CFRP system failed due the horizontal strip of CFRP 
fabric ripping the top layer of concrete off, which led to a large normal force at the flange 
to web connection. After the anchorage failure, the CFRP vertical strips ripped off the top 
layer of concrete leading to delamination causing the reinforcement to fail (See Figures 
3.42 and 3.43 for detail). Under the CFRP reinforcement there were multiple cracks that 
were roughly 45-degrees from the load to support. The failure cracks were similar to the 
controls crack orientation except for there were no vertical cracks under the applied load 
(see Figure 3.42 for the failure crack orientation). The test yielded an ultimate shear force 
of 225.07 kips which is an increase of 61.51kips or a 27.33% increase in shear capacity 
compared to the average control capacity of 163.56 kips. The data recorded for load, 
42 
 
strain, and deflection are found in Appendix B Figures B.68 to B.78. The strain gauge 
orientation can be found on Figure 3.42 and compared to the strain gauges on control test 
1B. 
 
 
 
Figure 3.42.  Anchorage failure and strain gauge orientation of Test 5A. 
 
 
Figure 3.43.  Failure of Test 5A.  
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3.5.10 Test 5B 
For the second test on this girder, the hydraulic jack applied the load at a distance 
of 48 inches from the end support with a beam span of 270 inches. The beam failed in 
bending at an applied load of 273.58 kips. The CFRP system did not fail in shear. Right 
under the applied load some concrete under the CFRP system broke off but the girders 
reinforced shear capacity was greater than the girders moment capacity. This led to the 
concrete in the top flange crushing and having more of a bending failure than a shear 
failure (see Figure 3.45 for detail). Some shear cracks did form in the girder (see Figure 
3.44 for failure crack orientation). Since the girder failed in bending the ultimate shear 
capacity was not obtained but the test yielded a shear force of at least 224.94 kips which 
is an increase of 61.37 kips or a 27.29% increase in shear capacity compared to the 
average control capacity of 163.56 kips. The data recorded for load and strain are found 
in Appendix B Figures B.79 to B.89. The strain gauge orientation can be found on Figure 
3.44 and compared to the strain gauges on control test 1B. 
 
 
 
Figure 3.44.  Shear cracks and strain gauge orientation of Test 5B. 
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Figure 3.45.  Failure of Test 5B.  
3.5.11 Test 6A 
For this test, the hydraulic jack applied the load at a distance of 42 inches from 
the end support with a beam span of 210 inches. The beam failed in moment at an applied 
load of 310.07 kips. The CFRP system did not fail in shear. The girders reinforced shear 
capacity was greater than the girders moment capacity. This led to the concrete in the top 
flange crushing and failing in bending (see Figures 3.46 and 3.47 for detail). Since the 
girder failed in bending we were unable to find the ultimate shear capacity but the test 
yielded a shear force of at least 248.06 kips which is an increase of 84.5 kips or a 34.06% 
increase in shear capacity compared to the average control capacity of 163.56 kips. The 
data recorded for load, strain, and deflection are found in Appendix B Figures B.90 to 
B.97. The strain gauge orientation can be found on Figure 3.46 and compared to the 
strain gauges on control test 1A. 
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Figure 3.46.  Bending cracks and strain gauge orientation of Test 6A.  
 
 
Figure 3.47.  Bending failure of Test 6A.  
3.5.12 Test 6B 
For the second test on this beam, the hydraulic jack applied the load at a distance 
of 42 inches from the end support with a beam span of 268 inches. The beam failed in 
shear at an applied load of 180 kips. The concrete in the beam failed in shear before 
allowing the load to be transferred to the CFRP system. This led to some of the CFRP 
fabrics to delaminate without the anchorage system failing (see Figures 3.48 and 3.49 for 
detail). The premature failure in the girders with this type of anchorage system is 
assumed to be caused by the grooves cut into the girder. Under the CFRP reinforcement 
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there were multiple cracks that were roughly 45-degrees from the load to support. The 
failure cracks were similar to the control (see Figure 3.49 for failure crack orientation). 
The test yielded an ultimate shear force of 151.79 kips which is a decrease of 11.77 kips 
or a 7.75% decrease in shear capacity compared to the average control capacity of 163.56 
kips. The data recorded for load, strain, and deflection are found in Appendix B Figures 
B.98 to B.106. The strain gauge orientation can be found on Figure 3.48 and compared to 
the strain gauges on control Test 1A. 
 
 
Figure 3.48.  Concrete shear failure and strain gauge orientation of Test 6B. 
 
 
 
Figure 3.49.  Failure of Test 6B.  
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3.5.13 Test 7A 
For this girder, the hydraulic jack applied the load at a distance of 51.5 inches 
from the end support with a beam span of 199.5 inches. The beam failed in shear at an 
applied load of 355.01 kips (see Figure 3.50 for failure crack orientation) with a typical 
shear crack roughly at 45-degrees, which yielded an ultimate shear force of 263.36 kips. 
The data recorded for load and deflection are found in Appendix B Figures B.107 and 
B.108. 
3.5.14 Test 7B 
For the second test of this girder, the hydraulic jack applied the load at a distance 
of 48 inches from the end support with a beam span of 163 inches. The beam failed in 
shear at an applied load of 367.99 kips (see Figure 3.51 for failure crack orientation) with 
a typical shear crack roughly at 45-degrees, which yielded an ultimate shear force of 
259.63 kips. The data recorded for load and deflection are found in Appendix B Figures 
B.109 and B.110. 
 
 
 
Figure 3.50.  Failure of Test 7A. 
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Figure 3.51.  Failure of Test 7B.  
3.5.15 Test 8A 
For the eighth girder, the hydraulic jack applied the load at a distance of 48.5 
inches from the end support with a beam span of 150.5 inches. The CFRP system failed 
due the horizontal strip of CFRP fabric ripping the top layer of concrete off, which led to 
a large normal force at the flange to web connection. After the anchorage failure, the 
CFRP vertical strips ripped off the top layer of concrete leading to delamination causing 
the reinforcement to fail (see Figures 3.52 for detail). Under the CFRP reinforcement 
there were multiple cracks that were roughly 45-degrees from the load to support. The 
failure cracks were similar to the controls crack orientation except for there were no 
vertical cracks under the applied load (see Figure 3.53 for the failure crack orientation). 
The test yielded an ultimate shear force of 311.96 kips which is an increase of 50.44 kips 
compared to the average control capacity of 280.44 kips. The data recorded for load and 
deflection are found in Appendix B Figures B.111 and B.112. There were no strains 
measured for this test. 
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Figure 3.52.  Anchorage failure of Test 8A. 
 
 
 
Figure 3.53.  Failure of Test 8A.  
3.5.16 Test 8B 
For the second test of the eighth girder, the hydraulic jack applied the load at a 
distance of 49 inches from the end support with a beam span of 196 inches. The beam 
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failed in shear at an applied load of 410.63 kips. The CFRP system failed due the 
horizontal strip of CFRP fabric ripping the top layer of concrete off, which led to a large 
normal force at the flange to web connection. After the anchorage failure, the CFRP 
vertical strips ripped off the top layer of concrete leading to delamination causing the 
reinforcement to fail (see Figures 3.54 for detail). Under the CFRP reinforcement there 
were multiple cracks that were roughly 45-degrees from the load to support. The failure 
cracks were similar to the controls crack orientation except for there were no vertical 
cracks under the applied load (see Figure 3.55 for the failure crack orientation). The test 
yielded an ultimate shear force of 307.97 kips which is an increase of 46.48 kips 
compared to the average control capacity of 261.5 kips. The data recorded for load and 
deflection are found in Appendix B Figures B.113 and B.114. There were no strains 
measured for this test. 
 
 
 
Figure 3.54.  Anchorage failure of Test 8B. 
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Figure 3.55.  Failure of Test 8B. 
3.6 Results 
 
 The results of the experimental tests were analyzed by comparing the measured 
shear capacities, measured strains, and measured deflections. By analyzing these 
measurements we are able to quantify the contribution of the MBrace® CF160 CFRP 
reinforcement. The measured shear capacities provided the magnitude of increased shear 
capacity. The measured strains verify that the CFRP reinforcement was partially resisting 
the applied shear. The measured deflections demonstrate how the stiffness of the girder 
was being affected by the CFRP reinforcement. Each of these results are described in 
detail in sections 3.5.1 and 3.5.2. 
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3.6.1 Comparison of measured shear capacity 
During testing the externally applied load was measured using a load cell and 
pressure gauge. The beam distance from support to support was called the beam span and 
the distance from the applied external load to the nearest support (shear span). With these 
measurements, ultimate shear force using elemental beam theory was calculated. Table 
3.1 shows the measured results recorded for each test. The unreinforced baseline shear 
force was obtained from the two control tests. The 163.56 kip shear force was obtained 
based on an average of the two tests which were 150.25 kips and 176.86 kips. After each 
experimental test with the CFRP reinforcement the total shear force was obtained and by 
subtracting the baseline shear force the magnitude of shear that was contributed by the 
CFRP reinforcement was obtained.  
The experimental program was successful in providing evidence that CFRP 
reinforcement on I-shaped prestressed AASHTO girders does provide additional shear 
strength. Not all CFRP reinforcement configurations were as successful as others. The 
configurations on Girders 2 and 6 had very inconstant results of roughly -8 % to 34% 
changes in shear capacity, which was assumed to be due to the cuts in the girders needed 
for the anchorage system. The CFRP reinforcement configurations on girders 3 and 5 
were found to be the most effective, ranging from an increase of 17% to 33%.  
 The configuration on Girder 4 was similar to Girders 3 and 5 except the 
configuration did not have the horizontal anchorage system. This configuration was 
roughly 8-20% less effective than the other two. That decrease in capacity is evidence 
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Table 3.1. Comparative results of experimental program 
Test 
Shear 
Span 
(inches) 
Beam 
Span 
(inches) 
Applied 
Load 
(kips) 
Existing 
Shear 
Force 
(kips) 
CFRP 
Shear 
Force 
(kips) 
Total 
Shear 
Force 
(kips) 
Percent 
Increase 
1A 48 268.25 183.00 150.25 0.00 150.25 0.00% 
1B 48 208.25 229.84 176.86 0.00 176.86 0.00% 
2A 48 206 333.36 163.56 92.12 255.68 36.03% 
2B 48 268 198.20 163.56 -0.86 162.70 -0.53% 
3A 48 210 255.40 163.56 33.46 197.02 16.98% 
3B 48 269 255.00 163.56 45.94 209.50 21.93% 
4A 48 215.5 231.08 163.56 16.05 179.61 8.94% 
4B 48 268.5 212.85 163.56 11.24 174.80 6.43% 
5A 48 180.5 306.60 163.56 61.51 225.07 27.33% 
5B 48 270 273.58 163.56 61.38 224.94 27.29% 
6A 42 210 310.07 163.56 84.50 248.06 34.06% 
6B 42 268 180.00 163.56 -11.77 151.79 -7.75% 
7A 51.5 199.5 355.00 263.36 0.00 263.36 0.00% 
7B 48 163 368.00 259.63 0.00 259.63 0.00% 
8A 48.5 150.5 460.30 261.50 50.47 311.96 16.18% 
8B 49 196 410.63 261.50 46.48 307.97 15.09% 
that the horizontal anchorage system was effective in anchoring the CFRP sheets and 
giving an overall increase in shear capacity. 
From the first set of six girders we were able to conclude that the fourth CFRP 
reinforcement configuration (vertical strips with a horizontal anchorage strip) was the 
most effective in increasing the shear capacity. That configuration was then tested on the 
second set of two girders. On Girder 8 the same CFRP reinforcement was found to 
increase the shear capacity of the girder. The increase of shear capacity of was an average 
of 30 kips. This increase was less than that found on Girder 5 which had the same 
configurations; this can be due to the larger existing shear strength in the girder.  
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3.6.2 Comparison of measured strains 
During testing strain gauges were placed on the CFRP system parallel to the 
direction of fibers. Measuring the strain along the fibers would allow for conclusive 
evidence that while the girder was loaded, the shear was being transferred to the CFRP 
reinforcement. Figure 3.56 shows a graph of Load vs Strain for a strain gauge on the 
control and a strain gauge on a reinforced girder. It can be seen on the graph that as the 
externally applied load increases the control girders concrete begins to yield at that spot 
and the strain begins to increase. It can be seen also that the strain of the CFRP 
reinforcement begins to increase around the same external load at the same point. This is 
seen as evidence that the shear resistance of the girder is being transferred to the CFRP 
shear reinforcement.  Figure 3.57 is another example of Load vs Strain comparisons of a 
non reinforced girder and a reinforced girder. These two graphs of Load vs Strain are 
evidence that the CFRP shear reinforcement is resisting the shear force applied to the 
girder. 
 
Figure 3.56.  Load vs strain of strain gauges 3 on control Test 1A and CFRP reinforced 
Test 4A. 
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Figure 3.57.  Load vs strain of strain gauges 3 on control Test 1A and CFRP reinforced 
Test 3A. 
  
There is another observation made from the measurement of strain that is vital to 
understanding the how the CFRP reinforcement is reacting. Gauges 4 and 8 are horizontal 
located on the horizontal strip used for anchorage, while gauges 3 and 9 are vertical 
located on one of the vertical strips (see Figure 3.42 for exact of locations). It can be seen 
that in Figure 3.58 that the max strain measured for gauges 3,4,8, and 9 are .001, .006, 
.009, and .001, respectively. Plotting the max measured strains on Figure 3.59 shows us 
that the max stress (ksi) in the fibers are 33, 198, 297, and 33 for their respective 
locations. This shows that the max stress of 297 ksi is well below the rupture stress of 
550 ksi. It can also be noted that there were large stresses in the horizontal strip which 
provides evidence that the anchorage system was successful in increasing the capacity. 
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Figure 3.58.  Load vs strain of strain gauges 3, 4, 8, and 9 on Test 5A.  
 
 
Figure 3.59.  Stress vs strain graph of the CFRP fabric (CF 160). 
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3.6.3 Comparison of measured deflections 
During each test the vertical deflection was measure at the applied load. Taking 
this measurement and plotting it as the load increased allowed for observations on the 
changes in deflection of the girder due to the CFRP reinforcement throughout reading. In 
Figure 3.60 it can be seen that as the load is increased the deflection is linear until 
yielding began, at which point the deflection began to increase more rapidly with less 
applied load. It can be seen that from Figure 3.60 that the girder with CFRP 
reinforcement was stronger and was able to produce a larger deflection than the girder 
without reinforcement. We can conclude that the CFRP reinforcement does provide the 
system with increased deflections as the girder and CFRP reinforcement act compositely.  
Another observation found in Figure 3.60 is that during the loading stage where 
the concrete is remaining linear, the stiffness of the girder remains the same with either 
no reinforcement or if there is reinforcement.  
 
Figure 3.60.  Load vs deflection of control and Girder 5 configuration.
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CHAPTER 4 
 
ANALYSIS OF MEASURED AND PREDICTED RESULTS 
 
4.1 Introduction 
 
 In this chapter, a comparison of two analytical methods that calculate the 
contribution of the CFRP reinforcement for shear in AASHTO prestressed girders is 
presented. The general design equation used to calculate the nominal shear capacity of a 
girder is:  
 Vn = Vc + Vs + Vf (4.1) 
where Vc is the shear contribution from the concrete, Vs is the shear contribution from 
the steel stirrups, and Vf is the shear contribution from the CFRP reinforcement.   
There are two methods for calculating the carbon fiber contribution for shear, Vf 
that will be evaluated in this research. The first method evaluated to calculate Vf is 
described in ACI 440.2R-8 entitled Guide for the “Design and Construction of Externally 
Bonded FRP Systems for Strengthening Concrete Structures” (ACI, 2008b). The second 
method to evaluated Vf is a method presented in a research paper by Hutchinson, Donald, 
and Rizkalla (1999). Each of these methods are used to calculate the additional 
contribution of the CFRP reinforcement Vf to the overall nominal shear capcity Vn of the 
eight tested bridge girders. The nominal shear capacity from the two different methods 
will then be compared to the ultimate shear capacity found in the experimental program 
in Chapter 3.  
There are also two predictive methods used to calculate Vc and Vs in this 
research. The first is the current AASHTO LRFD Bridge Design Specifications 
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(AASHTO, 2009). This is the preferred method for most state DOTs and for the Federal 
Highway Administration when designing bridges.  Chapter 5 of this code, which 
describes the shear and torsion behavior of concrete beams, was the main section utilized 
in this research.  The second predictive method is described in the American Concrete 
Institute’s (ACI) concrete building code ACI-318-08 (ACI, 2008b).  This design code is 
for structural concrete both in buildings and otherwise.  Chapter 11 of the ACI code was 
the main portion that was relevant for this research.  This chapter describes the shear 
strength design codes as they apply to prestressed concrete girders. The intent of this 
research is not to provide details regarding the derivation of these methods but to provide 
a comparison between the predicted measured values.  Further details regarding the 
calculation of Vc and Vs by the various methods can be found in, “Existing Shear 
Capacity of Full Scale, Forty-Year-Old Prestressed-Concrete Beams” by Osborn (2010). 
4.2 AASHTO Analytical Methods for Vc and Vs 
 
The AASHTO LRFD Bridge Design Specifications (AASHTO, 2007) provides 
two different methods for the determination of the design shear capacity of a prestressed 
concrete girder.  These methodologies take in account the components of shear from the 
concrete Vc, the shear resistance provided by the transverse reinforcement Vs, and the 
vertical component of the prestressing force Vp.  The nominal shear capacity is calculated 
as the lesser of AASHTO Equations 5.8.3.3-1, and 5.8.3.3-2 which are provided here as 
Equations 4.2 and 4.3, respectively. 
Vn=Vc+Vs+Vp  (4.2) 
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Vn=0.25f'cbvdv+Vp  (4.3) 
Vs=
Avfydvcot θ+ cot α sin α
s
  (4.4) 
According to the code, there are two different methods of calculating Vc.  The first 
method, titled the general procedures, come from a modified compression field theory 
and assumes that the concrete shear stresses are uniformly distributed over a width bv and 
a depth dv.  It is also assumed that the directions of the principal compressive stresses (θ) 
remain constant over dv, and that the shear strength of the section can be determined by 
considering the biaxial stress conditions at just one location in the web.  AASHTO 
Equation 5.8.3.3-3 provides the relationship for Vc and is shown here as Equation 4.5.  
Vc=0.0316βf'cbvdv  (4.5) 
The second method, titled the simplified method, for calculating Vc is very 
similar to the ACI method presented in the next section.  In this method the values of Vc 
and Vs are calculated differently based on the method the shear cracks develop, namely 
flexure-shear cracking and web-shear cracking.  If flexure-shear cracks develop, the 
value Vci (Equation 4.6), is used and if web-shear cracks develop Vcw (Equation 4.7) is 
used for the value of Vc.  Vc is defined to be the lesser of Vci and Vcw.  In the AASHTO 
specifications the requirements are given in Article 5.8.3.4.3 and listed herein as follows. 
The component of shear resistance provided by the transverse steel, Vs (Equation 4.4), 
shall be computed via Equation 4.3 with cot θ = 1.0 where Vci < Vcw, and cot θ 
=1.0+3  fpcf'c≤1.8 where Vci > Vcw.  
 	 0.02      0.06  (4.6) 
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 	  0.06′  0.30"#  "  (4.7) 
4.2.1 Results for AASHTO analytical  
methods for Vc and Vs  
The AASHTO specifications procedures for calculating shear capacities are both 
based on bending theory, and St. Venant’s principle. This means it is assumed that the 
shear stresses are distributed evenly through the depth of the beam as long as the load is 
applied at a distance larger than the depth of the beam, or outside the d-region.  The eight 
beams that were tested for this research were tested at the boundary of the d-region where 
the shear stresses have been found not to be evenly distributed through the depth of the 
beam.   Having the load applied in the d-region causes the stresses in the girder to be 
concentrated in some regions, and almost non-existent in other areas.  The design codes 
examined in this research are intended to give a value of shear outside of this region and 
be conservative for values within this region.  The codes allow this because the values 
computed using the design equations are conservative.  A comparison of the measured 
and calculated shear capacities are presented in Table 4.1 showing the predicted values as 
calculated using the equations presented above.   
 
Table 4.1. Calculated results for AASHTO analytical methods for Vc
 
and Vs 
Method 
Girders 1-6 
Vn (kips) 
Percent of 
Measured  
Girders 7-8 
Vn (kips) 
Percent of 
Measured  
AASHTO General 47.79 29.22% 37.66 14.4% 
AASHTO Simplified  82.27 50.30% 100.28 38.35% 
Measured Value 163.56   261.5   
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4.3 ACI Analytical Methods for Vc and Vs 
 
The ACI code (2008a) presents two different methods for computing the shear 
strength of prestressed concrete members.  The first is the approximate method which 
estimates the contribution of shear strength using a simplified expression.  This method 
can only be used in prestressed members if the effective prestress force is equal to or 
greater than 40% of the tensile strength of the flexural reinforcement.  The nominal shear 
capacity of a prestressed girder according to ACI 11-9 is given here as Equation 4.8. 
Vc= $0.6λf'c+ 700VudpMu % bwd  (4.8) 
This value must not be less than Equation 4.16, 
Vc=2λf'cbwd  (4.9) 
or greater than Equation 4.10. 
Vc=5λf'cbwd  (4.10) 
where: 
λ = unit weight of concrete modification factor (1 for normal weight concrete) 
Vu = the maximum design shear at the section being considered (kips) 
Mu = the design moment at the same section occurring simultaneously with Vu (kip-in) 
dp = the distance from the extreme compression fiber to the centroid of the prestressing 
strands (in) 
d = the distance from the extreme compression fiber to the centroid of the tension 
reinforcement (in) 
f’c = the compressive stress of the concrete (psi) 
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The contribution of shear from the web shear reinforcing steel (Vs) must be added 
to the contribution of the concrete (Vc).  ACI equation 11-15 should be used to calculate 
the shear contribution from the stirrups and is given as Equation 4.11. 
Vs=
Asfyd
s
  (4.11) 
where 
Vs = the shear resistance provided by the transverse shear steel (kips) 
As = the area of transverse steel (in
2
) 
fy = the yield strength of the transverse (ksi) 
 
 The second method described in the ACI code (2008a) is the detailed method in  
which Vc is taken as the smaller of Vci of Vcw.  This method may be used for any beam, 
and must be used when the effective prestress force is less than 40% of the tensile 
strength of the flexural reinforcement.  The term Vci is used to describe the shear strength 
of a member when the diagonal shear cracks form due to a combination of shear and 
moment.  Vcw is used to define the nominal shear strength of a member when the 
diagonal cracks form due to excessive principal tensile stress in the concrete.  Vci can be 
approximated with ACI Equation 11.3.3.1 as follows in Equation 4.12. 
Vci=0.6λf'cbwdp+Vd+ ViMcreMmax  ≥1.7λf'cbwd  (4.12) 
where 
Vd = the shear at the section in question due to service dead load (lbs) 
Vi = the shear that occurs simultaneously with Mmax (lbs) 
Mcr = the cracking moment (lb-in) 
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Mcr = $ &'(% $6)  "* + % (lb-in) (4.21) 
I = the moment of inertia of the section that resists the externally applied load (in
4
) 
Yt = the distance from the centroidal axis of the gross section (neglecting the reinforcing) 
to the extreme tension fiber (in) 
fpe = the compressive stress in the concrete due to prestress after all losses at the extreme 
fiber of the section where the applied loads cause tension (psi) 
fd = the stress due to unfactored dead load at the extreme fiber where the applied loads 
cause tension (psi) 
The equation for Vcw gives the shear capacity of a concrete beam in units of 
pounds as derived from a rather simplified principle tension theory and is given by 
Equation 4.13 which comes from ACI Equation 11-22.   
 	 $3.5)  0.3"%"  "  1.5)  (4.13) 
The equation for calculating Vs for the detailed ACI method is the same as the 
simplified ACI method (see Equation 4.11). 
4.3.1 Results for ACI analytical methods  
for Vc and Vs  
The ACI procedures for calculating shear capacities are both based on bending 
theory, and St. Venant’s principle. This means that plane sections are assumed to remain 
plane at a distance larger than the depth of the beam, or outside the d-region.  The eight 
beams that were tested for this research were tested at the boundary of the d-region where 
the shear stresses were not likely to be evenly distributed through the depth of the beam.   
Having the load applied that close to the support causes the stresses in the girder to be 
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concentrated in some regions, and almost non-existent in other areas.  The design codes 
examined in this research did not take into account the effects of shear stresses in the d-
region through the depth of the beam.  The codes allow this because the values computed 
using the design equations are conservative.  The results are presented in Table 4.2 
showing the predicted values as calculated using the equations presented above.  The 
calculated values are also compared to the measured values as a percentage of the 
measured values. 
 
4.4 ACI Analytical Method for Vf 
 
 The first analytical method that is evaluated for this research is the 
recommendations found in the ACI 440.2R-08 manual entitled, “Guide for the Design 
and Construction of Externally Bonded FRP Systems for Strengthening Concrete 
Structures.” This research covers how the ACI code compares to actual experimental 
results found in CFRP reinforcement for I-shaped prestressed girders. The reader should 
note that the ACI code does not have specific design equations for I-shaped sections but 
in this research an evaluation was performed how the standard rectangular section 
equations in the code ACI code apply to other shapes. The ACI equation for the  
Table 4.2. Calculated results for ACI analytical methods for Vc
 
and Vs 
Method 
Girders 1-6 
Vn (kips) 
Percent of 
Measured  
Girders 7-8 
Vn (kips) 
Percent of 
Measured  
ACI Simplified  101.74 62.20% 131.09 50.13% 
ACI Detailed 90.98 55.62% 136.75 52.29% 
Measured Value 163.56   261.5   
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contribution of CFRP systems for shear is expressed in Equation 4.14 as: 
. 	 ψ0 Afvffesinα+cosαdfSf  (4.14) 
where  
ψ
f
=0.85 
Reduction factor for U-wraps 
Afv=2ntfwf  
Area of CFRP shear reinforcement, in2   
n=number of plies 
tf= thickness of CFRP sheet, in. 
wf=width of CFRP strip, in. 
ffe=εfeEf Tensile Stress  
Ef=Tensile Modulus 
εfe=Kvεfu≤ 0.004 Max. effective strain 
εfu=design rupture strain, in/in 
Kv=
k1k2Le
468εfu
≤ 0.75  
Bond reduction Coefficient,  in.-lb units 
Le=
2500
ntfEf0.58   
Active bond length, in.-lb units 
k1=(
fc
'
4000
)
2/3
  
Bond reduction Coefficient, in.-lb units 
α=angle of CFRP fiber orientation 
Sf=Space of CFRP strips, in. 
k2=
df-Le
df
 
Bond reduction Coef., in.-lb units 
df 	Effective depth of CFRP 
reinforcement, in. 
 
  
Figure 4.1.  Dimensional variables for CFRP shear reinforcement design found in ACI 
440.2R-08. 
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The equation presented above is presented in more detail in the ACI 440.2R-08. 
Equation 4.14 was developed based on U-wraps, calculated using standard units, while 
the code found in the ACI is used for both full wraps and U-wraps in both metric and 
standard units. 
The results for the ACI method in Table 4.3 are the calculated results for the shear 
contribution of CFRP reinforcement Vf, using the ACI equation explained in Section 4.2. 
The ACI code is used for the design of girders with rectangular sections and the research 
presented is how the equations can apply to I-shaped girders. In Table 4.3 are the results 
of the ACI code for I-shaped girders. 
Table 4.3. Calculated results for ACI analytical methods for Vf 
ACI Design Equation Results 
Method 
Girder 
2 
Girder 
3 
Girder 
4 
Girder 
5 
Girder 
6 
Girder 
8 
ACI Vf (kips) 84.00 63.72 63.72 57.93 63.72 55.82 
df (in) 28.80 28.80 28.80 28.80 28.80 27.80 
wf (in) 20 10 10 10 10 10 
Sf (in) 20.00 18.64 18.64 14.50 18.64 14.50 
α (deg) 90.00 45.00 45.00 90.00 45.00 90.00 
f'c (psi) 7000 7000 7000 7000 7000 7000 
Le (in) 1.35 1.35 1.35 1.35 1.35 1.35 
k1 1.45 1.45 1.45 1.45 1.45 1.45 
k2 0.95 0.95 0.95 0.95 0.95 0.95 
Kv 0.24 0.24 0.24 0.24 0.24 0.24 
efe 0.004 0.004 0.004 0.004 0.004 0.004 
n 1 1 1 1 1 1 
Afv (in^2) 0.52 0.26 0.26 0.26 0.26 0.26 
tf (in) 0.013 0.013 0.013 0.013 0.013 0.013 
ffe (ksi) 131.98 131.98 131.98 131.98 131.98 131.98 
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4.5 Analytical Method in Hutchinson, Donald, and Rizkalla (1999) for Vf 
 
 In a research paper entitled “FRP for Shear Strengthening of AASHTO Bridge 
Girders” by Hutchinson, Donald, and Rizkalla (1999), the authors present an alternative 
rational method to the ACI procedure to calculate the additional contribution of a CFRP 
system for shear reinforcement. This contribution due to the CFRP reinforcement is 
calculated using the following expression: 
Vfmax= 
>faveEf2nftfwfdf
sf
 cotθ+cotαfsinαf  (4.15) 
where 
Ef= Tensile Modulus 
nf 	 Number of layers 
tf= Thickness of sheet 
df= Length from top of flange to the 
centroid of longitudinal steel in bottom 
flange 
d= Length from centroid of longitudinal 
steel to top of beam (or top of deck if 
deck exists) 
wf= Width of sheet 
sf = Length of spacing from edge of one 
strip to the same edge of next strip 
θ= Assumed crack angle (30-degrees) 
αf= Angle of orientation of CFRP fibers 
from the longitudinal direction of beam 
>fave=>fmax
[ $d
2
% +0.5 $df- d2% ]
df
 
where:
>fave= Average CFRP strain for I-shaped 
sections  
>fmax=.004 (diagonal strips 45-degrees) 
>fmax=.0028 (Vertical strips) 
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Figure 4.2.  Dimensional variables for CFRP shear reinforcement design found in 
Hutchinson, Donald, and Rizkalla (1999). 
 
 
Table 4.4 lists the calculated results for the shear contribution of the CFRP 
reinforcement for I-shaped girders using the method presented in Hutchinson, Donald, 
and Rizkalla (1999) that is explained in Section 4.4. 
Table 4.4. Results for method in Hutchinson, Donald, and Rizkalla (1999) for Vf 
Analytical method in Hutchinson, Donald, and Rizkalla (1999) 
  Girder 2 Girder 3 Girder 4 Girder 5 Girder 6 Girder 8 
Vf (kips) 90.50 51.75 51.75 62.41 51.75 62.41 
d (in) 39.00 39.00 39.00 39.00 39.00 39.00 
df (in) 24.00 24.00 24.00 24.00 24.00 24.00 
wf (in) 20.00 10.00 10.00 10.00 10.00 10.00 
Sf (in) 20.00 18.64 18.64 14.50 18.64 18.64 
tf (in) 0.013 0.013 0.013 0.013 0.013 0.013 
n (ply) 1 1 1 1 1 1 
Lfe (in) 37.73 37.73 37.73 37.73 37.73 37.73 
efmax 0.003 0.003 0.003 0.003 0.003 0.003 
efave 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 
θ (deg) 30 30 30 30 30 30 
α (deg) 90 45 45 90 45 90 
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4.6 Comparison of Analytical Models for Vf and measured Vf 
 
 The calculated magnitudes of Vf for both methods were found to compare well 
with the measured values of shear but the effectiveness of their predictions were 
dependent on the CFRP reinforcement configuration. The analytical and measured values 
of additional shear capacity are compared in Table 4.5.  This section will evaluate each 
CFRP reinforcement configuration and how it compared to both analytical predictive 
models when compared to the shear capacity of the control. 
Girder 1. There was no CFRP reinforcement applied to this girder. The average 
measured shear capacity of this girder was used for comparison of Girder 2 through 6 
results. The average shear capacity of Girder 7 was 163.37 kips. 
Girder 2. The CFRP configuration for this girder was found to be effective in 
providing additional shear capacity but was also found to be extremely sensitive to the 
application process which led to even decreases in shear capacity. This sensitivity has 
been attributed from the anchorage system which involved cutting one inch grooves into 
the girder (see Chapter 3 for detail). For Test 2A the CFRP reinforcement provided an 
additional shear force of 92.11 kips. The ACI model predicted the CFRP reinforcement 
would yield 84 kips while the Hutchinson, Donald, and Rizkalla (1999) model predicted 
a 90.5 kip increase. For this test both models were close and conservative but the 
Hutchinson, Donald, and Rizkalla (1999)  model predicted 98% of the actual shear 
capacity increase while the ACI predicted 92.2% . It must be noted that for Test 2B there 
was a decrease in shear capacity for one of the tests. This decrease is believed to be due 
to the sensitivity of the configuration and the required cuts for the anchorage system. 
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Girder 3. The CFRP reinforcement configuration on this girder was found to 
increase the shear capacity and was found to be more consistent in comparison to Girder 
2. This consistency is believed to be due to the horizontal strip of CFRP placed over the 
diagonal stirrups. The average increase of shear capacity from the two tests on Girder 3 
was 39.7 kips. The ACI model predicted the CFRP reinforcement would yield 63.72 kips 
while the Hutchinson, Donald, and Rizkalla (1999) model predicted a 51.75 kip increase. 
For this test both models overestimated the increased shear capacity. The difference is 
believed to be due the shape of the girder causing early debonding. The actual increased 
shear capacity was only 62.3% of the ACI analytical prediction and 76.7% of the 
Hutchinson, Donald, and Rizkalla (1999) analytical prediction.  
Girder 4. The CFRP reinforcement configuration for this girder was similar to 
Girder 3 but with the absence of the horizontal anchorage strip. It was expected that this 
capacity would be less than Girder 3. The decrease in the additional shear capacity for 
this girder was evidence that the horizontal strip for anchorage was successful in 
increasing the capacity of the diagonal and vertical strips. The average increase of shear 
capacity from the two tests on Girder 4 was 13.64 kips. The ACI model predicted the 
CFRP reinforcement would yield 63.72 kips while the Hutchinson, Donald, and Rizkalla 
(1999) model predicted a 51.75 kip increase. The analytical methods predicted the same 
increase in shear capacity as Girder 3 even though Girder 4 did not have the anchorage 
system. For this test both models overestimated the increased shear capacity. The actual 
increased shear capacity was only 21.4% of the ACI analytical prediction and 26.35% of 
the Hutchinson, Donald, and Rizkalla (1999) analytical prediction.  
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Girder 5. The CFRP reinforcement configuration of Girder 5 provided a large 
increase in shear capacity for both tests. Due to its consistency and ease in application 
this girder was selected as the most effective reinforcement configuration and the same 
configuration was applied again on Girder 8. The analytical calculations were also found 
to be effective in predicting the increase in magnitude of shear capacity. The average 
increase of shear capacity from the two shear tests on Girder 5 was 61.43 kips. The ACI 
model predicted the CFRP reinforcement capacity at 57.93 kips while the Hutchinson, 
Donald, and Rizkalla (1999) model predicted a 62.41 kip capacity increase. For this test, 
both predictive methods underestimated the measured shear capacity of the CFRP 
reinforcement. Both models were close and conservative but the Hutchinson, Donald, and 
Rizkalla (1999) method predicted 94.3% of the actual shear capacity increase while the 
ACI predicted 101.6%. The Hutchinson, Donald, and Rizkalla (1999) predictive method 
was found to be only 5.7% over conservative for this girder, while the ACI method only 
overestimated by 1.6%. 
Girder 6. The CFRP configuration for this girder was found to be effective in 
providing additional shear capacity but similar to Girder 2 was also found to be extremely 
sensitive to the application process which led to decrease in shear capacity for one test. 
This is the same issue that was found in the CFRP reinforcement configuration on Girder 
2. This sensitivity has been attributed from the anchorage system which involved cutting 
one inch grooves into the girder at the interface of the web and bottom flange (see 
Chapter 3 for detail). For Test 6A, the CFRP reinforcement provided an additional shear 
force of 84.49 kips. The ACI model predicted the CFRP reinforcement would add an 
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additional 63.72 kips while the Hutchinson, Donald, and Rizkalla (1999) method 
predicted a 51.75 kip increase. For this test both models were close but very conservative. 
The Hutchinson, Donald, and Rizkalla (1999) model predicted an increase of 61.25% of 
the actual shear capacity while the ACI methodology predicted an increase of 75.42% .  
Girder 7. There was no CFRP reinforcement applied to this girder. The average 
measured shear capacity of this girder was used for comparison of Girder 8 results. The 
average shear capacity of Girder 7 was 261.50 kips. 
Girder 8. The CFRP reinforcement configuration for Girder 8 provided a large 
increase in shear capacity for both tests. Due to the consistency and ease in application on 
Girder 5 the same configuration was applied and tested on Girder 8. The analytical 
models were also found to be effective in predicting the increase in shear capacity of 
Girder 5. The average increase of shear capacity from the two tests on Girder 8 was 48.46 
kips. The ACI methodology predicted the CFRP reinforcement would provide an 
additional capacity of 55.82 kips while the Hutchinson, Donald, and Rizkalla (1999) 
methodology predicted a 62.41 kip increase. For this test both models overestimated the 
increased shear capacity. The actual increased shear capacity was only 86.82% of the 
ACI analytical prediction and 77.65% of the Hutchinson, Donald, and Rizkalla (1999) 
analytical prediction.   
 The success of the predictive methodologies was dependent on the CFRP 
reinforcement configurations. The configurations of Girder 5 and 8 were found to be 
most consistent in matching the predictive methodologies and most consistent in 
increasing the shear capacity. For Girders 5 and 8 the average increase in shear capacity 
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due to the same configurations, was 54.96 kips. The ACI predicted an average increase 
for girders 5 and 8 of 56.88 kips while the Hutchinson, Donald, and Rizkalla (1999) 
model predicted 62.41 kips. The ACI method overestimated by 3.5% while the 
Hutchinson, Donald, and Rizkalla (1999) overestimated the average measured increases 
by 13.55%.   
4.7 Comparison of Analytical Models for Vn and Measured Vn 
 
 This section compares the nominal shear capacity, Vn, of the 8 tested girders. It 
compares the measured values and calculated for Vc, Vs, and Vf. Table 4.6 provides the 
results of this comparison. There are numerous options for comparing the calculated Vn. 
There were four different methods for calculating Vc, two methods for calculating Vs, 
and two methods for calculating Vf. Section 4.6 provides an example of comparing the 
ACI simplified method for Vc and Vs and the ACI method Vf. This will provide insight 
Table 4.5. Results of actual Vf and analytical methods for Vf 
Method (kips) 
Test 
1A 
Test 
1B 
Test 
2A 
Test 
2B 
Test 
3A 
Test 
3B 
Test 
4A 
Test 
4B 
Vn  150.28 176.86 255.68 162.70 197.02 209.50 179.61 174.80 
Vf (actual) 0 0 92.11 -0.87 33.45 45.93 16.04 11.23 
Vf (ACI) 0 0 84.00 84.00 63.72 63.72 63.72 63.72 
Vf (hut. et al.) 0 0 90.50 90.50 51.75 51.75 51.75 51.75 
Method (kips) 
Test 
5A 
Test 
5B 
Test 
6A 
Test 
6B 
Test 
7A 
Test 
7B 
Test 
8A 
Test 
8B 
Vn 225.07 224.94 248.06 151.79 263.36 259.63 311.93 307.97 
Vf (actual) 61.52 61.37 84.49 -11.78 0 0 50.44 46.48 
Vf(ACI) 57.93 57.93 63.72 63.72 0 0 55.82 55.82 
Vf(hut. et al.) 62.41 62.41 51.75 51.75 0 0 62.41 62.41 
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into how the calculated shear capacity, Vn, would compare to the actual shear capacity 
found in testing when taking into account the various components of shear, Vc, Vs, and 
Vf.  
Girder 1. Testing resulted in an actual nominal average measured shear capacity 
of 163.57 kips for Girder 1. Using the ACI simplified method for calculating the nominal 
shear capacity gave a capacity of 101.75 kips. This is a very conservative capacity and 
left 62.83 kips of capacity not accounted for. This girder did not have CFRP 
reinforcement and was used as the control specimen that all other girders could be 
compared to and provide insight into differences in measured and predicted values. 
Girder 2. Testing resulted in an actual nominal measured shear capacity of 255.68 
kips for Girder 2. Using the ACI methods for calculating the nominal shear capacity (Vc 
+ Vs) gave a combined capacity of 185.74 kips. This conservative approach left 69.94 
kips of capacity not accounted for. When comparing the controls actual capacity to the 
reinforced capacity it can be seen that the increase in capacity from Vf is 92.11 kips. It 
was calculated from ACI that Vf would be 84 kips. This implies that 8.11 kips of the 
unaccounted shear capacity of 69.94 kips can be attributed to the ACI method for 
calculating Vf. This results in a residual value of 61.83 kips attributed to the ACI 
simplified method for Vc and Vs. This shows that the ACI simplified method for 
calculating Vc and Vs is more conservative that the ACI method for calculating Vf. It 
should also be noted that on Test 2B the shear capacity was reduced due to the sensitivity 
of the anchorage system. Therefore, only Test 2A was used in the comparison. 
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Girder 3. Testing resulted in an actual nominal average measured shear capacity 
of 203.26 kips for Girder 3. Using the ACI methods for calculating the nominal shear 
capacity gave a combined capacity of 165.46 kips. This conservative approach left 37.80 
kips of capacity not accounted for. When comparing with the control tests actual capacity 
to the reinforced capacity it can be seen that the increase in capacity from Vf is 39.69 
kips. It was calculated from ACI that Vf would be 63.72 kips. This means that 24.03 
(overestimated) kips of the unaccounted shear capacity of 39.69 kips can be attributed to 
the ACI method for calculating Vf. This leaves 13.77 kips attributed to the ACI 
simplified method for Vc and Vs. This shows that the ACI method for calculating Vf  is 
more conservative that the ACI simplified method for calculating Vc and Vs. 
Girder 4. Testing resulted in an actual nominal average measured shear capacity 
of 177.21 kips for Girder 4. Using the ACI methods for calculating the nominal shear 
capacity gave a combined capacity of 165.46 kips. This approach left only 11.75 kips of 
capacity not accounted for. When comparing the controls actual capacity to the 
reinforced capacity it can be seen that the increase in capacity from Vf is 13.64 kips. It 
was calculated from ACI that Vf would be 63.72 kips. This means that the ACI method 
overestimated the contribution of Vf by 50.09 kips which would account for all of the 
unaccounted shear capacity of 11.75 kips. This provides inconclusive evidence when 
comparing the contribution of Vc and Vs versus Vf.  
Girder 5. Testing resulted in an actual nominal average measured shear capacity 
of 226.51 kips for Girder 5. Using the ACI methods for calculating the nominal shear 
capacity gave a combined capacity of 159.67 kips. This conservative approach left 66.84 
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kips of capacity not accounted for. When comparing the controls actual capacity to the 
reinforced capacity it can be seen that the increase in capacity from Vf is 62.94 kips. It 
was calculated from ACI that Vf would be 57.93 kips. This means that 5.01 kips of the 
unaccounted shear capacity of 66.84 kips can be attributed to the ACI method for 
calculating Vf. This leaves 61.83 kips attributed to the ACI simplified method for Vc and 
Vs. This shows that the ACI simplified method for calculating Vc and Vs is more 
conservative than the ACI method for calculating Vf. 
Girder 6. Testing resulted in an actual nominal measured shear capacity of 248.06 
kips for Girder 6. Using the ACI methods for calculating the nominal shear capacity gave 
a combined capacity of 165.46 kips. This conservative approach left 82.60 kips of 
capacity not accounted for. When comparing the controls actual capacity to the 
reinforced capacity it can be seen that the increase in capacity from Vf is 84.49 kips. It 
was calculated from ACI that Vf would be 63.72 kips. This means that 22.77 kips of the 
unaccounted shear capacity of 84.49 kips can be attributed to the ACI method for 
calculating Vf. This leaves 61.83 kips attributed to the ACI simplified method for Vc and 
Vs. This shows that the ACI simplified method for calculating Vc and Vs is more 
conservative that the ACI method for calculating Vf. It must be noted also that on Test 
6B the shear capacity was reduced due to the sensitivity of the anchorage system. 
Girder 7. Testing resulted in an actual nominal average measured shear capacity 
of 261.50 kips for Girder 7. Using the ACI simplified method for calculating the nominal 
shear capacity gave a capacity of 161.09 kips. This is a very conservative capacity and 
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left 130.41 kips of capacity not accounted for. This girder did not have CFRP 
reinforcement and was used as a control for Girder 8. 
Girder 8. Testing resulted in an actual nominal average measured shear capacity 
of 309.95 kips for girder 8. Using the ACI methods for calculating the nominal shear 
capacity gave a combined capacity of 186.91 kips. This conservative approach left 
123.04 kips of capacity not accounted for. When comparing the controls actual capacity 
to the reinforced capacity it can be seen that the increase in capacity from Vf is 48.46 
kips. It was calculated from ACI that Vf would be 55.82 kips. This means that 7.36 
(overestimated) kips of the unaccounted shear capacity of 123.04 kips can be attributed to 
the ACI method for calculating Vf. This leaves 115.68 kips attributed to the ACI 
simplified method for Vc and Vs. This shows that the ACI simplified method for 
calculating Vc and Vs is more conservative that the ACI method for calculating Vf. 
Overall it was seen that the calculated nominal shear capacity, Vn, was 
conservative when compared to the tested actual nominal shear capacity explained in 
Chapter 3 for each of the tested girders. When evaluating the shear components of Vc, 
Vs, and Vf, it was found that the methods for calculating Vc and Vs were more 
conservative than the methods for calculating Vf. This assumption was found to be true 
for girders 1,2,5,6,7, and 8 (see above for detail).  
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Table 4.6. Comparisons of Vn using ACI simplified for Vc and Vs and ACI for Vf 
Comparative Results using ACI simplified for Vc and Vs and ACI for Vf 
(kips) 
Girder 
1 
Girder 
2 
Girder 
3 
Girder 
4 
Girder 
5 
Girder 
6 
Girder 
7 
Girder 
8 
Vn (actual) 163.57 255.68 203.26 177.21 226.51 248.06 261.50 309.95 
Vn 
(Calculated) 
101.74 185.74 165.46 165.46 159.67 165.46 131.09 186.91 
Vn 
Difference 
61.83 69.94 37.80 11.75 66.84 82.60 130.41 123.04 
Vf 
Difference 
0 8.11 (24.03) (36.45) 5.01 20.77 0 (7.36) 
Vc and Vs 
Difference 
61.83 61.83 13.77 0 61.83 61.83 130.41 115.68 
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CHAPTER 5 
 
SUMMARY AND CONCLUSION 
 
5.1 Summary 
 
 Carbon Fiber Reinforced Polymers are being found to be effective in retrofitting 
highway bridges for many different applications. This Corrosive environment can affect 
many bridge components but especially the ends of girders where expansion joints are 
present. Utah’s bridge girders experience corrosive environments from rain, snow, and 
salt for roadway de-icing. The Utah Department of Transportation was interested in how 
bridges with deteriorated AASTHO prestressed girders could be reinforced with shear. 
The focus of this research was to investigate how a CFRP fabric system can be applied 
for shear reinforcement to the deteriorated ends of I-shaped prestressed concrete girders. 
 The objectives of this research were accomplished by the destructive testing of 
eight full-scale, AASTHO I-shaped prestressed girders that were retrofitted in shear with 
a CFRP fabric system. The CFRP product was provided by The Chemical Company 
(BASF). There are inherent difficulties in applying CFRP to typical precast sections. To 
provide insight on how CFRP behaves on I-shape cross-sections, five different 
configurations of the CFRP fabric were tested. Of the five different configurations, two 
anchorage systems were implemented to increase the shear capacity of the CFRP.  Each 
girder was then tested to failure in shear to quantify the increased shear capacity. During 
the load test, deflections, and strains were measured to provide conclusive evidence of 
the influence of the CFRP on shear capacity.  
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 Another aspect of the research was to investigate how two different theoretical 
models that predicted the increase in shear capacity from the CFRP system. The first 
method evaluated to calculate Vf is found in ACI 440.2R-8 entitled Guide for the 
“Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete 
Structures”. The second method to evaluated Vf is a method presented in a research paper 
entitled “FRP for Shear Strengthening of AASHTO Bridge Girders” by Hutchinson, 
Donald, and Rizkalla (1999). The calculated results for the two methods were then 
compared to the actual increased shear capacity. 
5.2 Conclusions 
 
 The experimental program consisting of the load testing of five different CFRP 
reinforcement configurations was found to increase the shear capacity of the AASHTO I-
shaped prestressed girders. The magnitude of the increased shear capacity was found to 
be highly dependent on the CFRP reinforcement configuration and anchorage system. 
The theoretical models effectiveness in predicting the increased shear capacity was also 
highly dependent on the CFRP reinforcement configuration and anchorage system. The 
CFRP reinforcement was able to allow for larger deflections before failure. From the 
strain measurements it was concluded that the CFRP fabric was not overstressed and 
failed due to debonding. 
5.2.1 Effects of CFRP configurations  
on increased capacity 
The increased shear capacity was highly dependent on the configuration of the 
CFRP reinforcement. CFRP has a more difficult time resisting shear forces of I-shaped 
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girders due to the large normal forces developed in the web to flange corners. In order to 
help resist these normal forces, two different anchorage systems were applied to four 
different CFRP sheet configurations. One girder was reinforced without an anchorage 
system to provide comparative results with the girders with anchorage systems.  
 Girder 4 was reinforced with diagonal (45 degrees) CFRP fabric stirrups but 
without an anchorage system. The result when loaded to failure was an increase of only 
13.64 kips in shear capacity. Girder 3 had the same diagonal CFRP fabric stirrups as 
Girder 4 but had a horizontal strip of CFRP fabric applied over the diagonal strips for 
anchorage, resulting in an increased shear capacity of 39.69 kips which is 26.05 kips 
larger than Girder 4 without the anchorage. This is conclusive evidence that the 
horizontal anchorage system greatly increases the capacity of the CFRP reinforcement. 
 Girder 2 was reinforced with diagonal (45 degrees) CFRP fabric stirrups but with 
the inserted CFRP laminate anchorage system at the web to flange corner. The result 
when loaded to failure was an increase of 92.11 kips for the first test and a decrease of 
0.87 kips of shear capacity for the second test. Girder 6 had the same anchorage system 
but had vertical wraps of CFRP fabric for the whole shear span. The result for the first 
test increased the shear capacity by 84.49 kips and decreased the shear capacity by 11.78 
kips for the second test.  Both of these configurations had the potential to have high 
increases in shear capacity but were found to be very sensitive to the anchorage system 
cutes and unreliable. The imbedded anchorage system which involved cutting a 1 inch slit 
into the girder at the web to flange corner weakened the girder for two of the four tests 
and is concluded to be the cause of a very sensitive system.  
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Girders 5 and 8 had vertical CFRP fabric stirrups and a horizontal strip of CFRP 
fabric over the vertical stirrups. This configuration was found to be the most reliable and 
consistent in increasing the shear capacity. The four tests on Girders 5 and 8 produced an 
average increased shear capacity of 55.70 kips. The CFRP reinforcement configuration 
on Girders 5 and 8 were also the easiest to apply due to its simplicity in design. 
 Overall, the CFRP fabric reinforcement was found to be successful in increasing 
the shear capacity of AASHTO prestressed I-shaped girders. The configuration on 
Girders 5 and 8, which consisted of vertical stirrups and a horizontal strip placed over the 
vertical stirrups for anchorage, was found to produce the largest consistent increase in 
shear capacity consistently. This configuration was also the easiest to apply and can be 
credited for its consistency. Therefore, this CFRP reinforcement configuration was found 
to be the most effective in increasing the shear capacity of AASHTO prestressed I-shaped 
girders. 
5.2.2 Observations from theoretical models 
The theoretical models for predicting the total shear capacity Vn, were found to be 
very conservative and can mainly be contributed to the conservatism in calculating Vc 
and Vs, which made it more challenging to compare the two Vf theoretical models. We 
were able to find conclusive evidence when comparing the actual Vf against the two 
predictive models for Vf.  
The ACI method overestimated Girders 3, 4, and 8 by 37.7%, 78.6%, and 13.18% 
respectively and underestimated Girders 2, 5, and 6 by 7.9%, 7.96% and 24.42% 
respectively. The Hutchinson, Donald, and Rizkalla (1999) method overestimated Girders 
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3, 4, and 8 by 23.3%, 73.65%, and 22.35%, respectively, and underestimated Girders 2, 
5, and 6 by 1.75%, 0.84% and 22.35%, respectively. Both methods for predicting the 
shear contribution of the CFRP fabric were found to be conservative and over 
conservative for the same reinforcement configurations. 
 The CFRP reinforcement configuration on Girders 5 and 8 were found to be most 
consistent and reliable in increasing the shear capacity. When comparing the average 
actual shear capacity increase of 55.70 kips, the ACI estimated 56.88 kips which is only a 
2.11% overestimation, while the Hutchinson, Donald, and Rizkalla (1999) method 
estimated 62.41 which is a 12.05% overestimation. Therefore, the ACI method was found 
to be the most accurate in predicting the increased shear capacity of AASHTO 
prestressed I-shaped girders with this configuration and anchorage system. 
5.2.3 Observations from deflections 
During each girder test of the shear load vs deflection, curves were monitored and 
compared against the unreinforced shear load vs deflection curves. The comparisons 
concluded that the CFRP reinforcement acted compositely with the girder and allowed 
for increased deflections. This provided a failure that was less brittle when loaded and 
failed in shear.   
5.2.4 Observations from strains 
During the load testing, strains were measured at various locations on the CFRP 
fabric that provided evidence that this external reinforcement was resisting the applied 
shear load. It was also observed that the maximum strain observed yielded a stress of half 
the maximum allowable stress in the CFRP C160 fabric. This provides evidence the 
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system failed due to delamination and concrete surface rupture. The CF130 fabric which 
is half the thickness of the CF160 fabric, would have also been adequate in providing a 
similar increased shear capacity for the I-shaped girders since its failure mechanism was 
not fiber rupture.  
5.3 Recommendations for Application of CFRP Shear Reinforcement 
 
 This research was funded by the UDOT with the goal of finding a solution for 
increasing the shear capacity of deteriorated AASHTO prestressed I-shaped girders. The 
experimental program consisted of testing various forms of application of a CFRP fabric 
system provided by The Chemical Company (BASF). The following summary was found 
to be the most effective application for increased shear capacity of I-shaped girders 
retrofitted with a CFRP fabric system and what analytical model would best fit that 
configuration. 
 The simplest configuration to apply was also found to be the most effective in 
increasing the shear capacity. The recommended configuration was on Girders 5 and 8 
which consisted of four vertical strips 10 inches wide spaced at 4.5 inches and a 
horizontal strip 15 inches in height and 63 inches in length placed over the vertical strips 
along the web (see Section 3.3.1 for detail). This configuration is very simply to apply 
which leaves little room for error, making it more reliable. The configurations with 
angled stirrups are harder to apply and since they cannot be continuous they must be 
overlapped on the bottom of the girder. The anchorage requiring a cut in the girder 
(Girders 2 and 6) made the system very sensitive and more difficult to apply, making the 
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system response uncertain. The recommended configuration was also found to be 
consistent over its four individual tests. 
Another observation was that during testing, the highest observed stress in the 
CFRP CF160 fabric was approximately 297 ksi, which is roughly half the max stress of 
550 ksi. This shows that the CF130 fabric which is half the thickness of the CF160 fabric 
could have been used and produced the same capacity. This would have also made the 
theoretical models more conservative but producing the same actual increased capacity. 
The recommendation that is proposed then is that for smaller girders where the depth or 
bond lengths are smaller the CF130 fabric would be sufficient but for girders with larger 
depths or bond lengths, the CF160 would be more effective. 
The ACI method for calculating the predicted shear capacity of the CFRP, Vf, 
found in ACI 440.2R-8 entitled Guide for the “Design and Construction of Externally 
Bonded FRP Systems for Strengthening Concrete Structures” was found to be the most 
accurate for predicting the recommended CFRP reinforcement configuration.  It 
overestimated the actual increased shear capacity by only 2.11% and with reduction 
factors it would fall below the design code requirements.  
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Figure A.1.  Girder specifications from bridge plans (UDHSD 1967). 
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Figure A.2.  Embedment anchorage detail. 
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Figure A.3.  Primer specifications page 1. 
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Figure A.4.  Primer specifications page 2. 
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Figure A.5.  Putty specifications.  
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Figure A.6.  Saturant specifications page 1. 
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Figure A.7.  Saturant specifications page 2. 
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Figure A.8.  CF 160 fabric specification page 1. 
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Figure A.9.  CF 160 Fabric Specifications Page 2. 
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Figure A.10.  Topcoat specifications page 1. 
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Figure A.11. Topcoat specifications page 2. 
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Figure A.12.  Application instructions page 1. 
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Figure A.13.  Application instructions page 2. 
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Figure A.14.  Application instructions page 3. 
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Figure A.15.  Application instructions page 4. 
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Figure A.16.  Application instructions page 5. 
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Figure A.17.  Application instructions page 6. 
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Figure B.1.  Test 1A Load vs Time. 
 
 
Figure B.2.  Test 1A Strain Gauge 1. 
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Figure B.3.  Test 1A Strain Gauge 2. 
 
 
Figure B.4.  Test 1A Strain Gauge 3. 
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Figure B.5.  Test 1A Strain Gauge 4. 
 
 
Figure B.6.  Test 1A Strain Gauge 5. 
0
20
40
60
80
100
120
140
160
180
200
0 50 100 150 200 250
L
o
ad
 (
k
ip
s)
Micro Strain
Test 1A Strain Gauge 4
0
20
40
60
80
100
120
140
160
180
200
0 500 1000 1500
L
o
ad
 (
k
ip
s)
Micro Strain
Test 1A Strain Gauge 5
112 
 
 
Figure B.7.  Test 1A Strain Gauge 6. 
 
 
Figure B.8.  Test 1A Strain Gauge 7. 
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Figure B.9.  Test 1A Strain Gauge 8. 
 
 
Figure B.10.  Test 1A Strain Gauge 9. 
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Figure B.11.  Test 1A Strain Gauge 10. 
 
 
Figure B.12.  Test 1A Strain Gauge 11. 
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Figure B.13.  Test 1A Strain Gauge 12. 
 
 
Figure B.14.  Test 1A Strain Gauge 13. 
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Figure B.15.  Test 1B Load vs Time. 
 
 
Figure B.16.  Test 1B Load vs Deflection. 
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Figure B.17.  Test 1B Strain Gauge 1. 
 
 
Figure B.18.  Test 1B Strain Gauge 2. 
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Figure B.19.  Test 1B Strain Gauge 3. 
 
 
Figure B.20.  Test 1B Strain Gauge 4. 
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Figure B.21.  Test 1B Strain Gauge 7. 
 
 
Figure B.22.  Test 1B Strain Gauge 8 
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Figure B.23.  Test 1B Strain Gauge 9. 
 
 
Figure B.24.  Test 1B Strain Gauge 10. 
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Figure B.25.  Test 1B Strain Gauge 11 
 
 
Figure B.26.  Test 1B Strain Gauge 12. 
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Figure B.27.  Test 2A Load vs Time. 
 
 
Figure B.28.  Test 2A Load vs Deflection. 
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Figure B.29.  Test 2A Strain Gauge 1. 
 
 
Figure B.30.  Test 2A Strain Gauge 2. 
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Figure B.31.  Test 2A Strain Gauge 3. 
 
 
Figure B.32.  Test 2A Strain Gauge 4. 
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Figure B.33.  Test 2A Strain Gauge 5. 
 
 
Figure B.34.  Test 2B Load vs Time. 
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Figure B.35.  Test 2B Load vs Deflection. 
 
 
Figure B.36.  Test 2B Strain Gauge 1. 
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Figure B.37.  Test 2B Strain Gauge 2. 
 
 
Figure B.38.  Test 2B Strain Gauge 3. 
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Figure B.39.  Test 2B Strain Gauge 4. 
 
 
Figure B.40.  Test 2B Strain Gauge 5. 
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Figure B.41.  Test 3A Load vs Time. 
 
 
Figure B.42.  Test 3A Load vs Deflection. 
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Figure B.43.  Test 3A Strain Gauge 1. 
 
 
Figure B.44.  Test 3A Strain Gauge 2. 
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Figure B.45.  Test 3A Strain Gauge 3. 
 
 
Figure B.46.  Test 3A Strain Gauge 4. 
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Figure B.47.  Test 3A Strain Gauge 5. 
 
 
Figure B.48.  Test 3A Strain Gauge 6. 
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Figure B.49.  Test 3A Strain Gauge 7. 
 
 
Figure B.50.  Test 4A Load vs Time. 
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Figure B.51.  Test 4A Load vs Deflection. 
 
 
Figure B.52.  Test 4A Strain Gauge 1. 
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Figure B.53.  Test 4A Strain Gauge 2. 
 
 
Figure B.54.  Test 4A Strain Gauge 3. 
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Figure B.55.  Test 4A Strain Gauge 4. 
 
 
Figure B.56.  Test 4A Strain Gauge 5. 
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Figure B.57.  Test 4A Strain Gauge 6. 
 
 
Figure B.58.  Test 4A Strain Gauge 7. 
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Figure B.59.  Test 4B Load vs Time. 
 
 
Figure B.60.  Test 4B Load vs Deflection. 
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Figure B.61.  Test 4B Strain Gauge 1. 
 
 
 
Figure B.62.  Test 4B Strain Gauge 2. 
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Figure B.63.  Test 4B Strain Gauge 3. 
 
 
Figure B.64.  Test 4B Strain Gauge 4. 
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Figure B.65.  Test 4B Strain Gauge 5. 
 
 
Figure B.66.  Test 4B Strain Gauge 6. 
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Figure B.67.  Test 4B Strain Gauge 7. 
 
 
Figure B.68.  Test 5A Load vs Time. 
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Figure B.69.  Test 5A Load vs Deflection. 
 
 
Figure B.70.  Test 5A Strain Gauge 1. 
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Figure B.71.  Test 5A Strain Gauge 2. 
 
 
Figure B.72.  Test 5A Strain Gauge 3. 
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Figure B.73.  Test 5A Strain Gauge 4. 
 
 
Figure B.74.  Test 5A Strain Gauge 5. 
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Figure B.75.  Test 5A Strain Gauge 6. 
 
 
Figure B.76.  Test 5A Strain Gauge 7. 
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Figure B.77.  Test 5A Strain Gauge 8. 
 
 
Figure B.78.  Test 5A Strain Gauge 9. 
0
50
100
150
200
250
300
350
0 2000 4000 6000
L
o
ad
 (
k
ip
s)
Micro Strains
Test 5A Strain Guage 8
0
50
100
150
200
250
300
350
-1000 -500 0 500 1000 1500
L
o
ad
 (
k
ip
s)
Micro Strains
Test 5A Strain Guage 9
148 
 
 
Figure B.79.  Test 5B Load vs Time. 
 
 
Figure B.80.  Test 5B Load vs Deflection. 
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Figure B.81.  Test 5B Strain Gauge 1. 
 
 
Figure B.82.  Test 5B Strain Gauge 2. 
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Figure B.83.  Test 5B Strain Gauge 3. 
 
 
Figure B.84.  Test 5B Strain Gauge 4. 
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Figure B.85.  Test 5B Strain Gauge 5. 
 
 
Figure B.86.  Test 5B Strain Gauge 6. 
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Figure B.87.  Test 5B Strain Gauge 7. 
 
 
Figure B.88.  Test 5B Strain Gauge 8. 
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Figure B.89.  Test 5B Strain Gauge 9. 
 
 
Figure B.90.  Test 6A Load vs Time. 
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Figure B.91.  Test 6A Strain Gauge 1. 
 
 
Figure B.92.  Test 6A Strain Gauge 2. 
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Figure B.93.  Test 6A Strain Gauge 3. 
 
 
Figure B.94.  Test 6A Strain Gauge 4. 
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Figure B.95.  Test 6A Strain Gauge 5. 
 
 
Figure B.96.  Test 6A Strain Gauge 6. 
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Figure B.97.  Test 6A Strain Gauge 7. 
 
 
Figure B.98.  Test 6B Load vs Time. 
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Figure B.99.  Test 6B Load vs Deflection. 
 
 
Figure B.100.  Test 6B Strain Gauge 1. 
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Figure B.101.  Test 6B Strain Gauge 2. 
 
 
Figure B.102.  Test 6B Strain Gauge 3. 
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Figure B.103.  Test 6B Strain Gauge 4. 
 
 
Figure B.104.  Test 6B Strain Gauge 5. 
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Figure B.105.  Test 6B Strain Gauge 6. 
 
 
Figure B.106.  Test 6B Strain Gauge 7. 
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Figure B.107.  Test 7A Load vs Time. 
 
 
Figure B.108.  Test 7A Load vs Deflection. 
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Figure B.109.  Test 7B Load vs Time. 
 
 
Figure B.110.  Test 7B Load vs Deflection. 
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Figure B.111.  Test 8A Load vs Time. 
 
 
Figure B.112.  Test 8A Load vs Deflection. 
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Figure B.113.  Test 8B Load vs Time. 
 
 
Figure B.114.  Test 8B Load vs Deflection. 
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